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ROS   Reactive oxygen species 
s    Second 
SD    Standard deviation 
SEM   Scanning electron microscopy 
TEM   Transmission electron microscopy 
UV/Vis   Ultraviolet-visible 
v/v   Volume per volume 
WHO   World Health Organization 
WPI    Whey protein isolate 
w/v   Weight per volume  
w/w    Weight per weight 
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ABSTRACT  
Food waste is a global challenge with significant environmental, economic and social 
impacts. Around one billion tonnes of food are wasted each year worldwide. This costs the 
global economy around USD 940 billion (US$20 billion in Australia), consumes nearly a 
quarter of the water used in agriculture, and produces 8% of global greenhouse gas emissions. 
In a world where many people don’t have enough food this amount of waste is unsustainable. 
Spoilage due to microbial contamination is a major cause of food waste and can also 
contribute to gastrointestinal diseases and associated health costs. The use of chemical 
preservatives has become increasingly unpopular with the public due to their perceived health 
risks so there is an increasing need to develop natural, biopreservatives. A group of peptides, 
collectively known as bacteriocins, have significant potential in this regard as some can 
control a wide range of pathogenic and spoilage bacteria. Elucidating the conditions needed 
to grow the bacteria that produce bacteriocin would have a significant impact on reducing 
food waste and improving food safety and quality and is the main aim of this PhD. 
At present, nisin is the only bacteriocin licenced for use as a food preservative. This 
compound took ~30 years to be commercialized since its discovery but the global nisin 
market is expected to reach USD 545.5 million by 2020. However, nisin has some significant 
limitations, in terms of its low solubility in water and the fact that it is not pH or temperature 
stable. This makes it unsuitable for use in the many food products that have a high pH and/or 
are heated during production. Lactobacillus plantarum B21, originally isolated from a 
Vietnamese fermented meat product (and classified as safe by the US Food and Drug 
Agency) produces another antimicrobial bacteriocin known as plantacyclin B21AG. This 
peptide is pH and temperature stable and effective against many species, including lactic acid 
bacteria (commonly associated with spoilage), and known pathogens such as Listeria and 
Clostridium. This thesis proposed that plantacyclin B21AG had high potential for future 
industrial applications as a natural biopreservative but that more research was needed on the 
biology of both the bacteriocin and the L. plantarum B21 that produces it.  
For effective functional food technology applications bacteria need to survive the 
harsh conditions encountered during production and manufacturing. These can include heat, 
lack of water and changes in pH levels. A significant drop in a bacteria’s viability and ability 
to produce useful compounds may occur due to their sensitivity and intolerance to stress and 
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this is an important factor to consider for industrial processing of any bacterial species. The 
aims of my project were therefore to: 
i. discover the growth conditions that promote the secretion of plantacyclin B21AG, 
ii. investigate the conditions which retain or enhance the robustness and stability of the 
B21 strain while retaining its ability to secrete bacteriocin, 
iii. characterize the structure of the B21 bacteriocin and fully assess its antibacterial 
properties.  
To achieve these aims a multi-disciplinary approach was utilised, as outlined below. 
a. Multiple culturing experiments were undertaken to find the optimum conditions for 
bacterial growth and bacteriocin production. 
b. Well diffusion assays were used to assess the effectiveness of the B21 bacteriocin as 
per industry standard assessment. 
c. Scanning and transmission electron microscopy were used to observe changes in the 
ultrastructure of L. plantarum B21 under different conditions, and to investigate the 
mechanism of action of plantacyclin B21AG against target bacteria. 
d. Spray drying was utilized to mimic industrial processing conditions and allow 
microencapsulation of the L. plantarum B21 into a dry, powdered form. This was 
used to test the bacteria’s robustness and stability at different temperatures for 
extended periods of time (8 weeks) in a form suitable for use in food. 
e. Biochemical analysis using nuclear magnetic resonance (NMR) and gas 
chromatography-mass spectrometry (GC-MS) in conjunction with advanced 
multivariate analysis was utilized to understand the biochemical changes occurring at 
the cellular level during all experiments. 
 
Important findings from my PhD are outlined below. 
a. Nutrient stress, particularly the lack of a major carbohydrate source was found to promote 
both bacteriocin production and long-term robustness in L. plantarum B21 cultures. 
b. Well diffusion assays showed B21 bacteriocin (plantacyclin B21AG) had high 
antimicrobial efficacy while electron microscopy revealed it worked by damaging the cell 
walls of target organisms, allowing their cell contents to leak out. 
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c. L. plantarum B21 survivability remained high and stable when stored for 8 weeks under 
ambient temperatures after spray drying, which is not only the industrially preferred 
method of drying, but has the added benefit of being cheaper, time-efficient and more 
environmentally friendly than the other commonly used method of freeze drying. 
d. Biochemical analysis unravelled the metabolic changes that contributed to the B21 
strain's resistance and tolerance to stress and also generated possible useful general 
biomarkers of bacterial robustness, including elevated levels of alanine, glutamic acid, 
aspartic acid, valine, proline, and norleucine. In addition, the modulation of metabolic 
responses through stress was identified as a viable strategy to reroute bacterial metabolic 
pathways to produce a range of desirable compounds (e.g. lactate) for high-scale 
industrial production. 
Developing new antimicrobial agents that are stable during processing and storage is 
crucial if we are to reduce the billions of dollars lost annually each year to food waste. The 
findings from this research will be highly useful in this regard and this highly translatable to 
industry. Given its high efficacy, plantacyclin B21AG may also have a role to play as in the 
fight against the increasing resistance to antibiotics and other antimicrobial agents currently 
being seen in clinical settings. In addition, it was recently discovered that bacteriocins could 
be used as an adjuvant or even as a therapeutic agent to fight against various diseases, 
including irritable bowel syndrome, and chronic infections. This project therefore has a very 
high potential for impact by improving food safety, reducing food spoilage, (thus saving 
billions of dollars) as well as, potentially treating diseases and saving lives. 
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Chapter 1 
1. Introduction 
This chapter provides the background and the issues considered in developing the 
research project leading to the research aim and objectives. This chapter also provides an 
outline of different chapters of the thesis. 
 
1.1 Background 
 
Food waste is a global issue which has cost the world’s economy of about US$ 680 
billion in industrialized countries and US$ 310 billion in developing countries (FAO). Every 
year, roughly one third of food produced every year is lost. Food waste also contributes to 
global warming and climate change, due production of greenhouse gas emissions during food 
manufacturing and processing. Spoilage is a major cause of food waste (FAO, 2018). 
Furthermore, ingestion of spoiled food can cause serious health issues and associated costs. 
While the use of chemical preservatives is known to be effective in reducing spoilage to a 
certain extent, nonetheless it becomes increasingly unpopular with the public due to the 
perceived associated negative effects including hypersensitivity, asthma and cancer (Anand 
& Sati, 2013). It has also been reported that there is an increasing concern of occurrence of 
antimicrobial resistance in bacteria present in seafood due to the use of antibiotics as 
chemical preservatives (Romero, Grande Burgos, Pérez-Pulido, Gálvez, & Lucas, 2017). 
Therefore, it is important to find alternative ways to manage spoilage. 
 
Natural means of preservation are of interest to industry and the public. The use of 
protective cultures to inhibit microbial spoilage, in particular with the use of lactic acid 
bacteria (LAB) has been in use for hundreds of years e.g. for dairy products. LAB are 
generally regarded as safe due to their association with food fermentation, and many LAB 
species have been classified as probiotics, meaning that when ingested in adequate 
concentration could exert health benefits to the host (FAO/WHO, 2002), mainly 
improvements in gut health. Moreover, LAB is a popular starter culture to ferment various 
food products and effectively increase their shelf life. Some LAB strains produce a wide 
variety of antimicrobial compounds and some can secrete antimicrobial peptides, known as 
bacteriocins, which can be effective against other bacteria and are safe, colourless, odourless, 
and tasteless (Perez, Zendo, & Sonomoto, 2014). This suggests that bacteriocin does not 
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affect the organoleptic properties of food but still inhibit growth of pathogens and spoilage 
bacteria. At present there is only one commercial bacteriocin, nisin, produced by Latococcus 
lactis. It took approximately 55 years for nisin to be commercially available and approved by 
the US Food and Agency Approval (FDA) since it was first discovered (Cotter, Hill, & Ross, 
2005). Nisin also has some limitations in that it is not temperature and pH stable (Perez et al., 
2014). The search for novel, more robust bacteriocin for food applications is of increasing 
interest. 
 
For LAB to be effectively used for functional food applications, they need to survive 
a number of stress during handling, manufacturing and storage, as in practice a drop in 
viability of LAB generally occurs during processing (Kailasapathy & Chin, 2000; Reid, 
Champagne, Gardner, Fustier, & Vuillemard, 2007). Stresses encountered by LAB could 
include acid, alkali, cold, heat, nutrient, osmotic, pressure and also toxic pollutants like heavy 
metals and pesticides. There therefore is a need to search for robust LAB strains and/or to 
discover a strategy to improve LAB survivability before LAB could be effectively used for 
food applications.  
 
Lactobacillus plantarum B21, a bacteriocin producing strain of LAB isolated from 
Vietnamese fermented raw meat is a promising candidate to be developed as future 
commercial natural biopreservative for a wide range of food matrices. L. plantarum B21 was 
claimed to meet the Australian regulatory requirements for use as a meat starter culture (Tran, 
2010). Its bacteriocin, plantacyclin B21AG, is known to be broad spectrum against a number 
of Gram positive bacteria, including Listeria and Clostridium (Golneshin et al., 2016; Tran, 
2010). It is also robust with high pH stability (pH 3.0 to 10.0) and moderate thermostability 
(90 ºC for 20 mins) (Tran, 2010). The stability of plantacyclin B21AG has led to it to be 
suspected of being cyclic in structure but this is not yet confirmed as a formal structure is yet 
to be published (Golneshin et al., 2016).  
 
Owning to its exceptional sturdiness, plantacyclin B21AG produced by L. plantarum 
B21 has the potential to be developed as natural biopreservative and perhaps even used in 
clinical settings. Therefore, with plantacyclin B21AG ‘s exceptional characteristics and 
potential, there is a need to develop a strategy to improve the  stability of L. plantarum B21 
so that it can withstand stress and continue to produce plantacyclin B21AG when used in 
food products. 
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1.2 Significance of this study 
 
If, through this study, a strategy to improve L. plantarum B21 survivability and 
stability could be successfully achieved or discovered, it would result in more effective and 
efficient methods for utilising this LAB strain in future. The research detailed here involved 
many techniques and approaches, from morphological observations using electron 
microscopy to metabolomic analysis (biochemical profiling). Results and findings from this 
study are likely to be valuable in understanding the underlying cellular and molecular 
mechanisms which contribute to LAB’s robustness and stability in certain conditions – 
identified as part of the research. In addition, spray drying, was investigated as alternative to 
freeze drying in this study. Spray drying is more economical and less time consuming than 
freeze drying but has not been investigated for use in food microbiology to any great extent. 
Currently, commercial cultures are mainly available in freeze dried, Direct Vat Set (DVS) 
form which needs to be stored at < 0
o
C, so the results from this part of the thesis could 
provide a more economical approach to keep bacterial cultures viable at ambient temperature 
for a set period of time, as well as for future development of a low cost, commercial powder-
form culture. 
 
1.3 Research hypothesis and questions 
 
In pathogenic non-LAB, species, there have been reports of occurrence of various 
mechanisms for these species to survive adverse, stressful conditions. For example it was 
found that Vibrio vulnificus underwent major morphological and metabolic changes after 
exposure to low temperature, but retained viability and the ability to return to the culturable 
state (Nowakowska & Oliver, 2013). The stressed bacteria was reported to exhibit increasing 
tolerance against potentially lethal challenges, such as heat, oxidative, osmotic, pH, ethanol, 
antibiotic and heavy metal. Similar alterations in morphology and increasing resistance to 
stress were also observed in Vibrio cholerae after exposure to starvation conditions (Shibata, 
Nomoto, & Osawa, 2015).  It was therefore hypothesised that survivability, robustness, and 
bacteriocin producing ability in L. plantarum B21 could be improved if the bacteria were 
exposed to a specific type of stress. Nutrient stress was chosen as the easiest system to study. 
In line with this hypothesis, this thesis addresses the following research questions: 
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1. What are the key nutrients and growth conditions which contribute to high growth and 
bacteriocin production in L. plantarum B21? 
2. How does the morphology of L. plantarum B21 change after exposure to specific 
nutrient stresses? 
3. Does the nutrient-stressed L. plantarum B21 have better survivability after spray 
drying? 
4. Does the nutrient-stressed, spray-dried L. plantarum B21 have better storage stability 
at different temperatures? 
5. Could the nutrient-stressed, spray-dried L. plantarum B21 still produce Plantacyclin 
B21AG after a period of storage at different temperatures? If so what was the best 
storage temperature? 
6. What are the underlying cellular responses which cause the nutrient-stressed L. 
plantarum B21 to differ from its unstressed counterpart? 
7. How does the morphology of indicator, target bacteria change after exposure to L. 
plantarum B21 bacteriocin (Plantacyclin B21AG) and can this reveal the mode of 
action of the bacteriocin? 
 
1.4 Research aim and objectives 
 
Overall, this study aimed to develop a strategy to improve survivability and storage 
stability in L. plantarum B21, by exposing this bacterium to a specific type of nutrient stress. 
The specific objectives of this study were as follows: 
 
1. To identify important nutrients and conditions that influence growth and bacteriocin 
production in L. plantarum B21. (Chapter 4) 
2. To observe morphological changes in L. plantarum B21 after exposure to nutrient 
stress. (Chapter 5) 
3. To investigate survivability and storage stability of nutrient-stressed, spray dried L. 
plantarum B21. (Chapter 6) 
4. To understand the underlying mechanisms that influences the behaviour of the 
nutrient-stressed and unstressed L. plantarum B21 using metabolomics analysis. 
(Chapter 7) 
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1.5 Thesis outline 
 
This thesis is organized in 8 Chapters as listed below. The contents of Chapter 5, 
Chapter 6 and Chapter 7 have been published in Q1 scientific journals. The contents of 
Chapter 2 and 4 are currently under peer-review for Q1 scientific journals. A brief outline of 
each chapter is provided below. 
 
 Chapter 1 provides an overview of the background, aim and objectives of the 
research project. 
 
 Chapter 2 is a literature review of stress responses in LAB, highlighting metabolomic 
and morphological approaches. Protection strategies to improve LAB survivability 
and different uses of LAB are also explored. The literature review articulates the 
rationale of the research objectives explored during this PhD study. 
 
 Chapter 3 describes the basic principles of the advanced instruments used throughout 
the research project, including UV/Vis spectrometry, MALDI-TOF, SEM, TEM, 
spray drying, NMR and GC-MS. Detailed materials and methods of each study 
objectives are described in Chapter 4, Chapter 5, Chapter 6, and Chapter 7. 
 
 Chapter 4 focuses on identifying important nutrients and conditions for Lactobacillus 
plantarum B21 growth and bacteriocin activity. UV/Vis spectrometry, MALDI-TOF, 
SEM and TEM were employed in this chapter. 
 
 Chapter 5 concentrates on the morphological and ultrastructural changes in L. 
plantarum B21 in response to nutrient stress. This chapter was published in LWT – 
Food Science and Technology. SEM and TEM were utilised for the work. 
 
 Chapter 6 highlights on the effect of nutrient stress on L. plantarum B21 
survivability after spray drying and during storage at different temperatures. This 
chapter was published in LWT – Food Science and Technology. Spray drying and 
SEM were used in this chapter. 
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 Chapter 7 provides insight on the metabolomics responses in L. plantarum B21 after 
exposure to nutrient stress. This chapter was published in Frontiers in Molecular 
Biosciences. NMR and GC-MS based metabolomics were used in this chapter. 
 
 Chapter 8 is the overall discussion and conclusions based on findings obtained 
throughout the whole thesis. Limitations of the work as well as possible future 
research directions for this project are also highlighted in this chapter. 
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ABSTRACT 
 
Lactic acid bacteria (LAB) are used in a wide range of food applications, as starter cultures, a 
natural preservative, probiotics, for the production of lactic acid and even, potentially, for 
bioremediation. For use in any product however, LAB needs to survive the various stresses 
they encounter in the environment and during processing. A deeper understanding of LAB 
stress response mechanisms and screening for robust strains is therefore of interest. In this 
review, factors which contribute to survival and tolerance in LAB were investigated. Two 
major approaches to look at stress responses are metabolic studies and morphological 
analysis. Changes in the metabolic profiles of LAB exposed to stress were found to be 
associated with carbohydrate, amino acids and fatty acid levels and these changes were 
proposed to be a result of the bacteria trying to maintain cellular homeostasis and minimise 
cellular damage from reactive oxygen species. Morphological analysis has shown that LAB 
can undergo elongation, shortening of general cell shape as well as, thinning and thickening 
of cell membranes. It is proposed that these innate strategies to minimise negative effects 
caused by stress can be used, individually or combined, through selection of intrinsically 
robust strain, genetic modification and/or prior exposure to sublethal stress, to prime LAB to 
survive microencapsulation by drying and long term storage/transport in food products. 
Ensuring that LAB remains viable during manufacturing and processing is important for its 
successful use in food applications and should therefore be investigated further.  
 
Keywords: biochemistry; electron microscopy; LAB; metabolomics; morphology  
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Introduction  
 
Lactic acid bacteria (LAB) are one of the most important groups of bacteria to human society. 
They been found and isolated from a wide range of ecological niches, including dairy 
products (Cardenas et al., 2014; Medeiros et al., 2016; Muruzović, Mladenović, Žugić-
Petrović, & Čomić, 2018), vegetables (Khemariya, Singh, Jaiswal, & Chaurasia, 2016), fruits 
(Tang et al., 2018), meat (Golneshin et al., 2016a) and wine (Berbegal et al., 2016). A 
number of strains have been classified as probiotics with some (albeit limited) evidence that 
they provide health benefits in the form of decreased risk of cardiovascular diseases (Fuentes, 
Lajo, Carrion, & Cune, 2013) and gastro-intestinal disorders (Chiang & Pan, 2012). Some 
LAB have also been used to enhance the formation of desired compounds and/or flavours in 
food products (Ming et al., 2018). LAB are also classified as ‘Generally Regarded as Safe 
(GRAS)’ by the US Food and Drug Administration (Chen & Hoover, 2003).With consumers’ 
increasing reluctance to use chemical additives/preservatives they are of growing interest to 
the food industry due to the ability of some strains to produce natural antimicrobial 
compounds which provide protection against foodborne pathogens and spoilage bacteria 
(Arques, Rodriguez, Langa, Landete, & Medina, 2015).  
 
For LAB to be functional and beneficial in a food product they need to survive environmental 
conditions as well as production, handling, transport and storage of the food itself. For 
example, LAB used as probiotic need be able to survive acid and bile stress in the 
gastrointestinal tract. In reality, a significant drop in LAB cell viability generally occurs 
during digestion (Reid, Champagne, Gardner, Fustier, & Vuillemard, 2007). Some LAB 
strains can survive stress however, and an improved understanding of the stress responses of 
these strains would provide deeper insight into factors controlling their abilities, which in turn 
may make it easier to use them effectively in food and other industrial applications.  
 
Stress itself can be defined as a change in the expression of genes and protein, and/or the 
environment, which leads to a reduction in growth or survival (Boor, 2006; Spano & Massa, 
2006). Traditionally stress responses have been studied using growth and morphological 
approaches but recently a number of bacterial stress response studies have explored the use of 
omics technologies, such as genomics (all genes in an organisms), transcriptomics (total RNA 
expression), proteomics (complete protein complement) and metabolomics (all the small 
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molecule metabolites in a system) to understand stress responses in LAB in a more holistic 
way (Fig 1). 
 
 
Figure 1 – Omics technology in studying LAB stress responses 
 
Genomics was the first omics technology created and is currently considered the best utilised. 
Comprehensive analyses of DNA has been used to predict the ecology, physiology and 
genetics of specific environmental samples for example (Hales, Korey, Larracuente, & 
Roberts, 2015). In the area of LAB stress responses, genomics has been used to screen for 
microbes that can optimize the quality, safety, and commercial value of dairy products 
(Yeluri Jonnala, McSweeney, Sheehan, & Cotter, 2018). For example, genomic analysis of 
Lactobacillus helveticus MTCC 5463 strains allowed the identification of specific genetic 
stress responses in those strains that were known to better withstand stress (Senan, Prajapati, 
& Joshi, 2015). Transcriptomic analysis of L. paracasei L9 allowed the identification of RNA 
biomarkers of its stress adaptations, which in turn led to better control of its growth and 
functional properties (Ma, Wang, Zhai, Zhou, & Hao, 2018). Comprehensive proteomic 
analysis in L. plantarum 432 also provided detailed insight in understanding important 
proteins and mechanisms involved in the acid stress tolerance response, as reflected by 
significant downregulation of proteins involved in cell wall and phospholipid biosynthesis, 
transcription, translation and cell division as well as significant upregulation of an 
uncharacterised protein JDM1_2142 (Heunis, Deane, Smit, & Dicks, 2014). Proteomic 
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analysis also provided insight into the mechanisms in L. acidophilus NCFM which allowed it 
to overcome oxidative stress. These were an increase in energy metabolism and nucleic acid 
repair and an elevation in cysteine synthase. This plays important roles in protein stability, 
catalytic site formation and disulfide‐reducing pathways which are essential to withstand 
oxygen stress (Calderini et al., 2017).  
 
Metabolomics is considered one of the newer omic sciences. It aids in understanding how 
global metabolic profiles in a biological system change under a given set of conditions and to 
use this information to gain an understanding of that system (Goodacre, Vaidyanathan, Dunn, 
Harrigan, & Kell, 2004). Metabolomics is considered to best reflect the activities of the cell at 
a functional level (Putri et al., 2013). The most commonly used metabolomics tools are gas 
chromatography (GC), liquid chromatography (LC) – and to a limited extent, capillary 
electrophoresis (CE), coupled to mass spectrometry (MS), and nuclear magnetic resonance 
(NMR) spectroscopy (Bingol et al., 2015). For example, GC-MS and LC-MS based 
metabolomic analyses revealed the key factors that influence D-lactic acid overproduction in 
L. delbrueckii S-NL31 under certain fermentation conditions (Liang, Gao, Liu, Wang, & 
Wen, 2018). This data is extremely useful for industrial-scale production of optically pure 
lactic acid in an industrial setting. Similarly, NMR metabolomics was successfully utilised to 
identify various fermentation characteristics of a number of LAB strains that are associated 
with the taste, aroma and other properties in fermented vegetable juice (Tomita, Saito, 
Nakamura, Sekiyama, & Kikuchi, 2017). The study of metabolomic stress responses in LAB 
relatively limited to date (Table 1) but, as the above examples illustrate, it offers a promising 
method to elucidate the entire biochemical pathways, from the genotype to functional 
phenotype, for a deeper understanding of LAB stress adaptations and tolerance. 
 
In contrast to the ‘within the cell’ focus of metabolomics, morphological tools (such as 
electron microscopy) are used to study changes in morphology and ultrastructure outside the 
cell. Morphological approaches have been extremely popular and widely used for looking at 
stress responses (Chileveru et al., 2015; Elie, David, & Schmitzer, 2015; Elnakady et al., 
2016). For example, many LAB strains that are normally rod-shaped undergo elongation, 
shortening, and/or thickening (or thinning) of the cell wall, when encountering stress whether 
it be of environmental origin (e.g. temperature, osmotic pressure, pH, oxygen, presence of 
antimicrobials), or challenges that LAB might encounter during processing, handling and 
manufacturing (e.g. acidity or mechanical stress) (Fig 2). This review will further discuss 
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stress responses in LAB when exposed to different types of stress, with a focus on 
metabolomics and morphological assessment. Strategies to improve LAB stress tolerance are 
also highlighted and recommendations made for further research. 
 
Applications of LAB in food 
 
LAB are an important part of human culture. Claims over the health and nutritional benefits 
of LAB in fermented dairy products (yogurts) for example go back hundreds, if not 
thousands, of years (Leroy & De Vuyst, 2004) Other potential industrial applications, include 
use as starter cultures, natural preservative, probiotics, and more (see figure 2). Before LAB 
can be functionally used for these purposes however they encounter, and must overcome, a 
number of stresses and challenges. 
 
 
Figure 2 – Applications and uses of LAB. 
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Starter culture 
 
Starter cultures are a part of essential component in all commercially produced fermented 
foods. They consist of microorganisms that are inoculated directly into food, to induce 
desired, predictable and consistent results in the finished products. They may also improve 
food preservation and enhance nutritional value, sensory qualities and economic value (Durso 
and Hutkins 2003). Over the years, LAB strains have been used as starters for fermentation in 
a variety of food products, due to their high safety and capacity to ferment a wide variety of 
foods and produce desired compounds. For instance, L. plantarum NJAU-01 has 
demonstrated strong potential as an antioxidant starter culture in fermented sausage (Ge et al., 
2019). Mixed starters of L. lactis WiKim0098 and Leuconostoc citreum WiKim0096 was 
proven to extend the shelf-life and improve the sensory characteristics of kimchi, a popular 
fermented Korean vegetable (Kim, Lee, Lee, Roh, & Kim, 2019). L. paraplantarum D2-1 is 
claimed to be a probiotic strain which is also a suitable starter for soy milk fermentation 
(Endo et al., 2018). Similarly, L. fermentum, L. helveticus, and L. plantarum, whether used 
alone or in combination, are suitable starters in nunu, traditional Ghanaian fermented milk 
(Akabanda, Owusu-Kwarteng, Tano-Debrah, Parkouda, & Jespersen, 2014). The use of both 
L. plantarum B21 and A17 as mixed starter in nem chua, a traditional Vietnamese uncooked 
meat product has successfully extended the shelf-life of raw meat for at least an additional 7 
days (Tran, 2010). 
 
Despite the success outlined above, the use of LAB as a functional starter culture poses 
several challenges. Conventionally, starter cultures are sold in a freeze dried, powder form 
(Santivarangkna, Kulozik, & Foerst, 2007). Freeze drying is relatively expensive, requires 
high energy consumption and low efficiency. This means that a cheaper alternative of drying 
for more efficient and effective production of commercialised starters would be of interest. 
Spray drying, a method of producing a dry powder from a liquid or slurry by rapidly drying 
with a hot gas, is of high interest for industry due to its high speed, continuous method of 
drying and significantly lower cost (Peighambardoust, Golshan Tafti, & Hesari, 2011). 
However, both freeze and spray drying methods expose LAB cultures to extremely 
temperature stress and once in a powder form, LAB further faces stresses during handling 
and transport, such as storage temperature, exposure to oxygen and moisture before it can 
actually be applied in a food products (Chávez & Ledeboer, 2007). Even when it gets into 
food, some products have low nutrient content and/or high salt or sugar contents, cause 
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further damage. Only the LAB strains that could tolerate all these forms of stress have 
potential commercial value in improving food safety, quality and organoleptic properties of 
food products (Fig 3).  
 
 
Figure 3 – Typically LAB are exposed to different types of stressors, such as heat, cold, 
starvation, physical, heavy metal, pesticide, alkali, acid and osmotic stress, either during 
manufacturing or processing in the external environment or in the gut environment. Some 
strains of LAB may be stronger than the other, thus capable of surviving and tolerating stress.  
 
Bacteriocins  
 
LAB cultures with much stronger preservation effects have been identified and in most cases, 
found to produce antimicrobial compounds called bacteriocins. Bacteriocins are ribosomally 
synthesised antimicrobial peptides that in some cases are capable of inhibiting a range of food 
spoilage and pathogenic bacteria (Suganthi & Mohanasrinivasan, 2015; Walsh et al., 2015). 
Interest in bacteriocins produced by LAB has gained momentum in the past decade due to 
their potential as natural food preservative that is odourless, colourless and tasteless (Perez, 
Zendo, & Sonomoto, 2014), meaning that the original organoleptic properties of the food are 
not affected when bacteriocins are incorporated into the food products. Bacteriocins can be 
applied in a fully purified or in a crude form, which may contain other substances. Moreover, 
as LAB, including their metabolites have been consumed by countless generations with no 
reported adverse health effects, this group of bacteria is considered safe to use. Curently, 
nisin, produced by the bacterium Lactococcus lactis, is the most extensively studied and only 
commercially approved bacteriocin by the Joint Food and Agriculture Organisation/World 
Health Organisation Expert Committee on Food Additives (1969). Nisin in its purified form 
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has been reported harmless or of low toxicity in rat and guinea pig models (Frazer, Sharratt, 
& Hickman, 1962; Shtenberg & Ignat'ev, 1970).  As such it is the gold standard in 
bacteriocins against which others are judged.  
 
According to Cotter et al (2005), bacteriocins can be separated to three classes. These are the 
lantibiotics (class I), non-lanthionine-containing bacteriocins (class II) and bacteriolysins 
(class III). The class I bacteriocins are small peptides (<5 kDa), that possess post-
translationally modified residues of lanthionine or 3-methyllanthionine, which form covalent 
bonds between amino acids, resulting in internal “ring” structures (Asaduzzaman & 
Sonomoto, 2009; Cotter, Hill, & Ross, 2005). Nisin is the main representative of class I 
lantibiotics. The class II bacteriocins slightly larger but still small (<10 kDa), heat stable, 
non-lanthionine containing peptides, which are naturally occurring and do not undergo 
extensive post-translational modification. This class of bacteriocins can be further divided 
into four subclasses: pediocin-like (class IIa), two-peptide (class IIb), circular or cyclic (class 
IIc) and unmodified, linear, non-pediocin-like (class IId) bacteriocins (Cotter et al., 2005). 
 
Class II bacteriocins, especially the class IIc circular bacteriocins have been of high interest 
for use in the food industry. The circular nature provides greater structural robustness, greater 
resistance to heat and extreme pH and thus higher stability compared to linear structures 
(Conlan, Gillon, Craik, & Anderson, 2010; Craik, Mylne, & Daly, 2010). For example, nisin, 
which is linear loses the majority of its antimicrobial activity when exposed to a pH higher 
than 7 (de Arauz, Jozala, Mazzola, & Vessoni Penna, 2009). Nisin bioactivity is also reduced 
when it is applied in certain types of food matrices, due to its interaction with fats (Favaro, 
Barretto Penna, & Todorov, 2015).  
 
Several circular bacteriocins from various LAB strains have been discovered. These are 
plantacyclin B21AG produced by L. plantarum B21 (Golneshin et al., 2016b), gassereccin A, 
produced by L. gasseri LA39 (Pandey, Malik, Kaushik, & Singroha, 2013), reutericin 6 
produced by L. reuteri LA6 (Kawai, Kemperman, Kok, & Saito, 2004), acidocin B produced 
by L. acidophilus M46 (Acedo et al., 2015) and lactocyclicin Q  by Lactococcus sp. strain 
QU 12 (Sawa et al., 2009). The stable nature of circular bacteriocins provides a promising 
potential for further development of commercially robust products for food preservation and 
searches for LAB strains which are capable of producing new bacteriocins, in particular 
circular ones is of increasing interest. 
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Bacteriocins also have potential as new antibiotics. It is also known as simple proteinaceous 
compounds and hence they are easily degraded by proteolytic enzymes and this do not last 
long in the human body or in the environment (Perez et al., 2014), which makes it harder for 
resistance to develop. It is also thought that bacteriocins primarily function by disrupting the 
target microorganisms’ membrane integrity on the outside of the cell. This is in contrary to 
conventional antibiotics’ mode of action of enzyme inhibition (Bush & Jacoby, 2010) and 
again means bacteriocins are less likely to induce resistance (Ahmad et al., 2017; Yang, Lin, 
Sung, & Fang, 2014).  
 
Despite the potential benefits and promising applications as natural biopreservative, mass 
production of bacteriocins remains a challenge. Different strains of LAB require specific 
growth conditions to produce bacteriocin and most do not produce it in high yields. For 
instance, in L. sakei subsp. sakei 2a, requires the addition of glucose and Tween 20 to the 
medium with an initial pH of 5.0 or 5.5, and incubation temperatures of 25 °C or 30 °C to get 
highest bacteriocin yields (Malheiros, Sant'Anna, Todorov, & Franco, 2015). L. fermentum 
GA715 on the other hand prefers sucrose, Tween 80, pH of 6 to 7 and incubation temperature 
of 37 ºC (Wayah & Philip, 2018). Suboptimal growth or stress conditions are also known to 
significantly affect bacteriocin production (Delgado et al., 2007). Nutrient stress for example 
was known to enhance curvacin A produced by L. curvatus LTH 1174 (Verluyten, Leroy, & 
De Vuyst, 2004). Conversely, the presence of stress-inducing compounds such as sodium 
chloride and ethanol in the growth media were reported to improve enterocin P production in 
Enterococcus faecium P13 (Herranz, Martinez, Rodriguez, Hernandez, & Cintas, 2001). 
Hence, identifying important growth conditions and understanding stress responses in LAB 
are extremely important in the efficient and effective development of bacteriocins to the 
market. 
 
Probiotic 
 
The economic value of probiotics is substantial, as there is increasing demand worldwide. It 
was reported that the sales of probiotics are over $40 billion in 2016, and are estimated to 
reach over $64 billion in 2023, according to Global Market Insights (2016). Many strains of 
LAB are recognised as probiotics, defined as live microorganisms that, when administered in 
adequate amounts, confer a beneficial effect on the health of the host (FAO/WHO, 2002). 
Probiotics are most commonly used to improve of gut health (Gasbarrini, Bonvicini, & 
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Gramenzi, 2016). Indeed the most commonly used probiotic agents are bacteria from the 
Lactobacillus and Bifidobacterium genera, which form part of the normal healthy intestinal 
microbiota. There have been reports that some probiotics may potentially modulate and 
improve the immune response of some individuals (Zhang et al., 2018) but this is not widely 
accepted. Some of the strongest evidence demonstrating beneficial effects of probiotics (L. 
rhamnosus GG, B. lactis BB-12 and L. reuteri SD2222) is prevention and treatment for acute 
diarrhoea caused by rotavirus in children (Guandalini et al., 2000; Isolauri, Juntunen, 
Rautanen, Sillanaukee, & Koivula, 1991; Shornikova, Casas, Isolauri, Mykkanen, & 
Vesikari, 1997; Szajewska, Kotowska, Mrukowicz, Armanska, & Mikolajczyk, 2001). 
Probiotics have also been used for treatment of inflammatory bowel disease, by modulation 
of composition of the gut microbiota through inhibition of pathogenic enteric bacteria; by 
improving and restoring function of epithelial and mucosal barriers, and by inducing an anti-
inflammatory environment (Abraham & Quigley, 2017; Gionchetti et al., 2006; McFarland & 
Dublin, 2008; Sartor, 2004). 
 
Probiotics can be delivered in a range of food products, including milk, meat, yoghurt, cheese 
and even chocolates (Govender et al., 2014), which could add nutritional benefits of these 
food products. Some probiotic strains are even available in capsules, beads and tablets. To be 
effective, not only do these probiotics have to survive processing and manufacturing which 
might involve physical, mechanical, heat or cold, oxidative and osmotic stress, but they as 
well need to survive storage (nutrient limitation, oxidation and temperature stress) and harsh 
(bile salt stress and extremely acidic) conditions in gastrointestinal tract (Fig 3). It is also 
important to note that there are no universal probiotic strains that could meet all clinical 
needs. The protective, beneficial effects that some probiotic strains elicit is strain-specific and 
they need to be carefully administered in the right dose to prevent any potential side effects. 
 
Biotechnology 
 
One example of a compound in high demand for the food industry is lactic acid, which has 
many uses including as an emulsifier, acidulate, buffer and preserving agent (Cubas-Cano, 
González-Fernández, Ballesteros, & Tomás-Pejó, 2018). In addition, this compound is 
important for pharmaceutical, cosmetic and chemical industries. Lactic acid is also used as an 
anti-acne, anti-aging and moisturising agent for the cosmetic industry, an anti-bacterial agent 
for textile, detergent and paper industry, also a precursor for production of polylactic acid 
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(PLA) which is considered a strong, biodegradable alternative to conventional petro-chemical 
plastics. The use of fermentation using LAB to make lactic acid has several advantages, 
including production of pure isomers of lactic acid, use of renewable resources and low cost 
materials, low energy consumption and mild conditions required for operation (Komesu, 
Oliveira, Martins, Regina Wolf Maciel, & Filho, 2017). Optimisation strategies through 
adjustment of the nutritional composition in the growth media to induce higher production of 
lactic acid have been explored in L. casei MTCC 1423 (Thakur, Panesar, & Saini, 2019), L. 
thermophilus A69 (Tian et al., 2019) and L. delbrueckii spp. delbrueckii (de la Torre, Acedos, 
Ladero, & Santos, 2019). This research has shown that different strains of LAB have 
different preferences of nutrients and growth conditions for effective, high yield of lactic 
acid. Moreover, only those strains of LAB that could withstand the manufacturing stress 
involved and still produce high amounts of lactic acid are suitable for such purpose (Fig 3) as 
such the use of LAB to make lactic acid at present is limited. However, with global demand 
for lactic acid estimated to grow annually, reaching USD 8.77 billion, and exceeding 151.6 
kilo tons by 2025 (Grand View Research, 2018), the use of LAB for large scale industrial 
production of optically pure lactic acid may potentially become attractive in future. 
 
Bioremediation 
 
Bioremediation is a technique or strategy in which microorganisms are used to remove, 
reduce, destroy or immobilize pollutants in the environment (Uqab, Syeed, & Ruqeya, 2016). 
Some bacteria genera, like Pseudomonas (Gu, Jiang, Li, A., & Li, 2007) and Paracoccus (Xu 
et al., 2009) have been successfully used to degrade pesticides. Although all food products in 
most western countries must, by law, not contain high levels of pesticides or other 
contaminates, food products from third world countries may have traces of heavy metals 
and/or pesticides which may cause serious harm and risk to consumers. Cadmium and lead 
are two of the most toxic heavy metals, biologically non-essential and non-degradable, with 
the tendency to accumulate in exposed organisms where they can negatively impact the 
health. Cadmium poisoning has been associated with renal, pulmonary, skeletal dysfunction, 
and hepatic, reproductive, cardiovascular disorder, and even cancer (Bernard, 2008; Godt et 
al., 2006; McElroy, Kruse, Guthrie, Gangnon, & Robertson, 2017; Satarug, Garrett, Sens, & 
Sens, 2010). Exposure to lead has also been correlated with perceived delivery risks in 
pregnant women, delayed cognitive development in young children, neurophysiological 
abnormality which may affect normal brain and motor function (Mason, Harp, & Han, 2014). 
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Remediation of heavy metals using inorganic chelators and filters have been proven to be 
successful in removing heavy metals from water sources, nonetheless is costly, not 
sustainable and limited in terms of its implementation in different types of environment 
(Gavrilescu, 2004; Gracia & Snodgrass, 2007). Food-grade microbes that can be delivered to 
the gastrointestinal tract and that are capable of sequestering toxins present a safe and cost-
effective intervention , indeed Kumar, Kumari, Ram, Thakur, and Tomar (2018) argue that 
such approach might be of lower cost and more efficient compared to conventional methods 
of remediation.  
 
Several studies have shown that a number of LAB strains have the capacity to tolerate and 
survive heavy metal stress. Amongst five tested species of Lactobacillus, L. plantarum and L. 
fermentum were found to have the functional capacity to remove, bind to and tolerate 
cadmium (Kirillova et al., 2017). Another study also revealed that L. rhamnosus GR-1 could 
immobilize cadmium and lead effectively by reducing the heavy metals’ translocation across 
the intestinal epithelium in vitro (Daisley et al., 2019). Additionally, the presence of L. 
rhamnosus GR-1 in yoghurt has been evidently reduced mercury and arsenic 
bioaccumulation in a Tanzanian cohort of pregnant women and children (Bisanz et al., 2014). 
Furthermore, L. plantarum CCFM8610 is claimed to have antioxidative capacity, could 
alleviate stress and inflammatory response, and protect the gut barrier against cadmium 
toxicity; it is a suitable probiotic candidate for sequestration and prevention of cadmium 
poisoning (Zhai et al., 2016). This strain of LAB has further been shown to effectively 
remove cadmium from rice (Zhai et al., 2019). Using food-grade LAB for bioremediation 
could provide an advantage in reducing incidence of poisoning due to heavy metal 
contamination in food products and thus increasing food safety. 
 
LAB strains have also been claimed to have the functional capacity to degrade pesticides. 
Some strains can even degrade pesticides in vitro, for example in fermented kimchi (Islam et 
al., 2010), fermented milk (Zhou & Zhao, 2015) and corn silage (Zhang et al., 2016).  It has 
also been reported that L. plantarum P9 could degrade phorate (Li et al., 2018), and that the 
combined use of  L. plantarum 1.0315, 1.0624, and 1.0622 could effectively degrade 
chlorpyrifos and phorate in corn silage (Zhang et al., 2016). L. rhamnosus GG was reported 
to have the potential to decrease the risk of acute organophosphorus pesticide poisoning in 
Drosophila melanogaster, through passive binding of this strain with the pesticide, and thus 
preventing risk of pesticide absorption in the small intestine (Trinder et al., 2016). The 
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capacity to degrade pesticides is however, strain- and pesticide-specific (Harishankar, 
Sasikala, & Ramya, 2013; Lenart et al., 2013).  
 
Pesticides are toxic by design and can negatively impact public health and the economy, thus 
the use of pesticides needs to be carefully managed (WHO, 2009).  The use of LAB strains to 
manage accumulation of heavy metals and pesticides is promising, as they have the potential 
to act like a ‘sponge’ to absorb toxins in vitro and could potentially reduce the uptake of 
toxins by the host. At present however, there is no commercially available LAB strain 
specifically used for such purpose, and developing one would be costly and have 
considerable ethical considerations. Thus, while an interesting idea, many more studies would 
need to be performed to translate current findings into practical functional applications and 
reducing of pollution at source will always be preferable approach. 
 
Metabolomics and morphological stress responses in LAB 
 
Acid and alkali stress 
 
Understanding LAB response to acid or alkali stress is important, as LAB often encounter 
these stresses in the gut environment and/or in food matrices. Initial acid stress in LAB may 
increase their adhesion ability and acid-adaptation mechanisms which are amongst the two 
most important qualities a probiotic LAB strain should possess (Hamon, Horvatovich, 
Marchioni, Aoudé-Werner, & Ennahar, 2014; Sanhueza, Paredes-Osses, González, & García, 
2015). 
 
Figure 4 – Metabolomics and morphology studies are both valuable for effective and 
successful functional application of LAB. 
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Table 1 – Metabolomic and morphological stress responses in LAB. 
 
Type of stress LAB strain Metabolomics Morphology Reference 
    
Acid  L. plantarum ATCC 14917 UHPLC-Q-
TOF MS 
↑ ADI pathway, 
↑ GAD pathway, 
↑ F0F1-ATPase, 
↑ unsaturated/saturated 
fatty acids ratio 
(similar to control) 
SEM & TEM Long rods with slender 
thalli (similar to control) 
(Wang et al., 2018) 
Acid L. plantarum ZDY 2013 
 
 
L. plantarum ATCC 8014 
- - SEM ↑ Clumping, rough surface 
with some cavities 
 
Cracked or burst cells 
(Guo et al., 2017) 
Alkali L. plantarum ATCC 14917 UHPLC-Q-
TOF MS 
↓ ADI pathway, 
↓ GAD pathway, 
↓ F0F1-ATPase, 
↓ unsaturated/saturated 
fatty acids ratio 
SEM, TEM Broken, autolytic, deficient 
and thinning cell wall 
(Wang et al., 2018) 
Hyperosmotic L. salivarius FDB89 1H NMR Proline, isoleucine, 
phenylalanine and 
methionine as potential 
biomarkers 
- - (Qi et al., 2018) 
Hyperosmotic L. salivarius FDB89 
 
L. salivarius CGMCC 1.1881 
- - SEM Shorter rods 
 
Cell elongation 
(Gong et al., 2012) 
Hyperosmotic L. casei BL23 - - Fluorescence 
microscopy, 
TEM 
Intracellular accumulation 
of polyphosphate granules, 
thinning cell wall 
(Huang et al., 2018) 
 
Phenolic L. plantarum 2565 GC-MS, 
LC-MS 
Variation in cyclopropane 
and saturated fatty acids, 
could degrade phenols  
SEM Leakage and membrane 
collapse 
(Devi & Anu-Appaiah, 2018) 
Pesticide L. plantarum P9 GC-MS, 
UPLC/ESI-Q-
TOF MS 
Could degrade phorate 
better than dimethoate and 
omethoate, 
- - (Li et al., 2018) 
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↑ in sphinganin, citric acid, 
malic acid, and succinic 
acid 
Heavy metal L. plantarum CCFM8610 
(cadmium-resistant) & 
CCFM191 (cadmium-
sensitive) 
UHPLC-Q-
TOF MS 
↑ intracellular glycine and 
glutamate, 
more effective EPS 
biosynthesis, 
stable nucleic acid 
metabolism, 
energy-conserved mode, 
↓ level of oxidative stress, ↑ 
saturated/unsaturated fatty 
acids ratio 
in CCFM8610 
- - (Zhai et al., 2018) 
 
 
 
 
 
 
 
 
Heavy metal L. plantarum HD 48 - - TEM 
 
 
SEM 
Cadmium accumulates and 
sticks to the surface of cells 
 
↑ Clumping, rougher 
surfaces 
(Kumar et al., 2017) 
 
(Kumar et al., 2018) 
Agitation L. lactis subsp. cremoris 
MG1363 
GC-MS Changes in the formation of 
proteinogenic amino acids 
 
 
- (Sharif et al., 2017) 
 
 
 
Nutrient  
 
 
 
L. plantarum B21 
 
 
 
GC-MS 
  
 
 
- 
 
 
 
- 
 
 
 
(Parlindungan et al., 2019b) 
  - - SEM, TEM Coccoid-like shape with 
ruffled surface (glucose-
stress) and cell elongation 
(Tween 80-stress) 
 
(Parlindungan et al., 2018) 
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In L. plantarum ATCC14917, initial alkali stress led to reduced auto-aggregation and 
adhesion abilities due to damage to the cell wall (Wang et al., 2018) (Table 1). Conversely 
initial acid stress resulted in improved aggregation and adhesion ability with no visible 
change in morphology under electron microscopy. This finding is supported by Guo et al. 
(2017) who found that L. plantarum ZDY 2013, a robust strain of LAB demonstrated a slight 
tendency to aggregate with retained integrity of cell membrane in response to acid stress, 
compared to the more sensitive strain of L. plantarum ATCC 8014 which showed damage in 
cell membrane (Table 1). Several biochemical changes were observed, including enhanced 
activity of Na
+
/K
+
-ATPase, a decreased ratio of NAD
+
/NADH and increased metabolism of 
intracellular arginine, glutamate, and alanine. Na
+
/K
+
-ATPase is an integral membrane 
enzyme that plays an important role in maintaining electrochemical gradients by which the 
ion gradients of Na
+
 and K
+
 are managed by consuming energy through ATP hydrolysis 
(Towle, 1984). NAD
+
/NADH is known to play a key role in cell death (Ying, 2008), and can 
affect many enzymatic activities associated with glycolysis pathway and tricarboxylic acid 
(TCA) cycle (Fernie, Carrari, & Sweetlove, 2004). 
 
To adapt to initial acid stress, L. plantarum ATCC14917 was found to maintain its pH 
homeostasis through arginine deiminase (ADI) and glutamate decarboxylase (GAD) 
pathways and the F0F1-ATPase proton pump (Wang et al., 2018) (Table 1). To maintain the 
pH environment, NH3 is generated to react with H
+
 as a result of arginine being converted 
into citrulline and ornithine in the ADI pathway. Lysine, arginine and glutamate are then 
transformed into cadaverine, agmatine and aminobutyrate to consume H
+
 to control pH 
homeostasis in the GAD pathway (Gale, 2006; Higuchi, Hayashi, & Abe, 1997). F0F1-
ATPase is also known to facilitate movement of protons from the cell cytoplasm to maintain 
pH homeostasis (Cotter & Hill, 2003). In contrast after initial alkali stress, the ADI pathway 
was suppressed due to significant increase in citrulline, the GAD pathway was weakened due 
to downregulation of lysine, glutamic acid and aminobutyrate and the F0F1-ATPase activity 
was not as strong compared to after initial acid stress (Wang et al., 2018). L. plantarum 
ATCC14917 overall experienced lower tolerance to acid stress when it was initially stressed 
with alkali, but became stronger and more tolerant after being stressed with low 
concentrations of acid. 
 
Morphological analysis allows visualisation of adhesion and auto-aggregation properties in 
LAB strains, and metabolomics further allows deeper investigation of what is happening at a 
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cellular level (Fig 4). These two techniques combined could successfully screen for robust 
strain of probiotic LAB which could better tolerate acid stress with desired functional 
properties (i.e. adhesion and auto-aggregation) and provide insights on using ‘initial 
suboptimal stress’ strategy as a means to improve LAB strain’s tolerance to subsequent 
stresses (Fig 4). 
 
Hyperosmotic stress 
 
In their natural habitat or during industrial processing, LAB often experience osmotic 
changes. In particular, LAB can often be exposed to hyper-osmotic environments due to high 
concentrations of salt or sugar being used in food processing for taste and to suppress 
spoilage from food borne pathogens. The metabolic profile of L. salivarius FD89 in response 
to salt stress was analysed using 
1
H NMR spectroscopy (Qi et al., 2018). Significant increases 
in betaine, carnitine, choline and its derivatives were observed and it is presumed that these 
compounds play crucial roles in providing protective macromolecular structure and function, 
thus mediating osmotic tolerance. This observation has also been seen in other bacterial 
species, including in Pseudomonas syringae, E. coli, Bacillus subtilis and Listeria 
monocytogenes (Li, Yu, & Beattie, 2013; Meadows & Wargo, 2015; Zhang et al., 2010) and 
proline, isoleucine, phenylalanine and methionine have all been argued to be potential 
biomarkers for survival in high salt conditions by acting as osmoregulants or by reinforcing 
the cell wall to maintain turgor pressure (Qi et al., 2018) (Table 1).  
 
Interestingly, hyperosmotic stress results in varied morphological changes in different strains 
of LAB. Scanning electron microscopy (SEM) showed that salt-stressed L. salivarius FDB89 
displayed a significantly shorter rod-like morphology compared to control cells, while L. 
salivarius CGMCC 1.1881 experienced significant cell elongation when under the same 
conditions. Both strains appeared to have slightly rougher surfaces compared to control cells 
(Gong, Yu, Chen, & Han, 2012) (Table 1). Similarly, no significant changes in the cell 
morphology occur in L. rhamnosus E800 when grown in high level of sucrose conditions (0.6 
and 1.5 M) (Sunny-Roberts & Knorr, 2008); whereas L. casei BL23 cells grown in the hyper-
concentrated sucrose had a significantly thinner cell wall (Huang et al., 2018) (Table 1). It 
has been argued that morphological changes triggered by hyperosmotic, salt stress may occur 
due to high ionic strength, rather than osmotic strength, within the bacteria cells, which 
triggers the cells to elongate, or due to inhibition of cell division and/or changes in cell 
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surface composition (Piuri, Sanchez-Rivas, & Ruzal, 2005), but no firm consensus has been 
reached. 
 
Morphological analysis allows for a quick assessment of whether the LAB strain of interest 
could be successfully used in the manufacturing of food products and during processing 
(drying for instance) which may require incorporation of sugar or salt, through observation of 
retained bacterial cell integrity. On the other hand, metabolomics could screen for potential 
biomarkers which correlate with LAB strain’s robustness and improved tolerance to stresses 
(Fig 4). 
 
Phenolic stress  
 
Understanding the mechanisms of phenolic stress tolerance is important for the optimisation 
of starter culture during malolactic fermentation (MLF), in order to minimise spoilage during 
ageing and improve sensory quality of products such as wine. LAB could have the capacity to 
metabolise phenolic acids, to either detoxify them or use them as a potential alternative 
energy source (Filannino, Gobbetti, De Angelis, & Di Cagno, 2014). In a recent study by 
Devi and Anu-Appaiah (2018), a non-LAB strain of Oenococcus oeni 2219 was shown to 
have greater tolerance of phenolic stress over the LAB strain L. plantarum 2565, as reflected 
by changes in morphology as well as levels of cellular fatty acids during MLF. SEM results 
showed that after being exposed to hydroxycinnamic acids (which contain phenolic groups), 
damage to cell membrane and subsequent release of cytoplasmic material were evident in L. 
plantarum 2565 (Table 1), but not in O. oeni 2219. Principle Component Analysis (PCA) of 
the data generated by GC-MS showed variation in cyclopropane content and the levels of 
saturated fatty acids after exposure to phenols (Table 1). It was further revealed that there was 
significant decrease in the relative percentage of saturated fatty acids with a proportional 
increase in unsaturated fatty acids in stressed L. plantarum 2565, compared to unstressed 
controls. In contrast, a proportional increase in saturated fatty acids and decrease in 
unsaturated fatty acids occurred in O. oeni 2219. It is possible that the higher level of 
saturated fatty acid content in O. oeni contributes to its higher phenolic tolerance, compared 
to the L. plantarum strain. LC-MS based metabolomic analysis indicated that L. plantarum 
2565 also exhibited more versatility in its enzymatic capacity to degrade and transform 
phenolic compounds compared to O. oeni 2219. Phenolic transformation involved mainly 
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decarboxylases, oxidoreductases and demethylases that reduce redox potential in the LAB 
strain (Devi & Anu-Appaiah, 2018).  
Overall, while O. oeni has higher tolerance to phenolic stress over L. plantarum, 
metabolomics data revealed that L. plantarum contributed more to the formation of unique 
flavours in wine due to its ability to metabolise phenols. In this particular case, metabolomics 
aided in screening for the LAB’s ability to transform certain compounds into others (which 
may contribute in improving flavour or sensory quality of the food product), while 
morphological observation helps to assess bacteria’s robustness in response to stress (Fig 4). 
 
Pesticide and heavy metal stress 
 
Screening for LAB strains that could degrade target pesticides in food matrices can be 
performed with metabolomics. Li et al. (2018) found L. plantarum P9 to have the best 
degradation ability out of 121 L. plantarum strains tested with organophosphorus pesticides 
(OPPs), particularly with phorate (Table 1), with high tolerance to simulated gastrointestinal 
juices and bile. GC-MS results suggested that the presence of residue dimethoate, phorate, 
and omethoate mainly in the culture supernatants (but not the cell extracts) indicated that L. 
plantarum P9 degraded rather than absorbed the OPPs. Several groups of microbial enzymes, 
including carboxylesterases, phosphatases (Bhalerao & Puranik, 2009; Palacios et al., 2005), 
phosphotriesterases (Weston & Amweg, 2007), organophosphorus hydrolases (Islam et al., 
2010) may facilitate OPP degradation via the hydrolysis of phosphoric acid esters. Based on 
UPLC/ESIQ-TOF/MS data, significant increases in sphinganin, citric acid, malic acid and 
succinic acid were observed in cell culture supernatant containing phorate, compared with 
controls (Table 1). Citric acid and malic acid could be used by L. plantarum to support 
growth and be metabolised to produce acetic acid and lactic acid respectively (Das et al., 
2017; Nualkaekul & Charalampopoulos, 2011). High levels of citric acid and malic acid 
could explain the reduction in growth of L. plantarum P9, possibly via blockage of the TCA 
cycle by phorate which resulted in accumulation of TCA intermediates in the culture medium 
(Li et al., 2018). Alterations in the metabolic footprint of the culture medium also suggested 
the presence of potential degradation products or residues of phorate released by L. 
plantarum P9.  
 
Recently Zhai, Xiao, Narbad, and Chen (2018) studied differences in the metabolomics 
profiles of L. plantarum CCFM8610 (cadmium resistant) and L. plantarum CCDM191 
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(cadmium sensitive) using LC-MS. It was found that cadmium exposed L. plantarum 
CCFM8610 had a higher intracellular content of glycine and glutamate compared to controls. 
These compounds are known to play important roles in E. coli tolerance to alcohol (Wang et 
al., 2013) and in Pseudomonas tolerance to copper (Booth, Weljie, & Turner, 2015). L. 
plantarum CCFM8610 is able to use these compounds to maintain nucleic acid metabolism 
and ensure normal growth during cadmium exposure (Zhai et al., 2018) (Table 1). In 
addition, a higher ratio of saturated fatty acids in the cell membrane during cadmium stress 
promotes greater rigidity in its structure and lower fluidity inhibits cadmium influx. 
Metabolomics analysis also revealed that L. plantarum CCFM8610 uses a specific energy 
conservation pathway, as observed by downregulation of glucose, glyceraldehyde 3-
phosphate, proteins and metabolites involved in TCA cycle which leads to reduced 
intracellular ROS levels, and thus alleviates the cytotoxicity caused by cadmium exposure 
(Zhai et al., 2018) (Table 1). Morphological analysis demonstrated that cadmium bound on 
the surface of L. plantarum HD 48 and the surface morphology of this strain was not as 
smooth as the control cells and cadmium exposure triggered the cells to become more 
aggregated (Kumar, Kumar, Panwar, & Ram, 2017; Kumar et al., 2018) (Table 1). 
 
It is clear that LAB’s capacity to bind to heavy metals could be observed via morphological 
observations. The ability of LAB to degrade pesticides, and the biochemical pathways 
involved in LAB stress tolerance to heavy metals and pesticides could perhaps be 
investigated and further understood using metabolomics (Fig 4). However, as discussed 
previously, the use of LAB to get around regulations on food contaminants is not 
recommended. 
 
Agitation stress 
 
Agitation is often required during processing, and may cause physical stress to LAB. 
Agitation may affect the production of amino acids and fermentation by-products by these 
cells which may, in turn, affect the bacteria’s growth, performance and organoleptic 
properties. Sharif, Azizan, and Baharum (2017) investigated the effect of four different 
agitation speeds (50, 100, 150 and 200 rpm) on formation of proteinogenic amino acids 
(PAAs) in L. lactis subsp. cremoris MG1363 using GC-MS analysis (Table 1). Alanine and 
glycine were found to be more abundant at agitation speeds of 100 rpm, but lower at 150 and 
200 rpm compared to controls. Leucine, isoleucine and lysine were higher at agitation speeds 
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of 50 and 200 rpm, but lower at 150 rpm. It was also found that leucine, isoleucine, tyrosine 
and methionine were more abundant when L. lactis subsp. cremoris MG1363 was grown in 
media without agitation. In this case, metabolomics helped in the selection of optimal 
agitation speed to increase the production of desired amino acids and fermentation by-
products in L. lactis. For instance, alanine is also of a potential interest to the food industry as 
a sweetener (Van Der Kaaij, Zink, & Mollet, 2000), and in the context of bioengineering, L. 
lactis can be used to convert pyruvate into alanine, instead of lactate (Papagianni, 2012). 
Alanine is known to be used as a cell wall constituent in LAB (Chapot-Chartier & 
Kulakauskas, 2014). It is also known that mutation in gene responsible for D-alanine 
expression resulted in increased autolysis in L. lactis due to depletion of peptidoglycan and 
lipoteichoic acids (Steen et al., 2005). Glycine expression is also known to be positively 
correlated with increased growth rate in L. lactis (Lahtvee et al., 2011). 
 
Not only does metabolomics assess biochemical changes associated with factors such as 
different agitation speed, but the formation of desired compounds which are associated with 
bacteria’s growth and performance can also be identified with this approach (Fig 4). This 
could potentially aid in specifically choosing for which agitation speeds and conditions are 
preferred for LAB during processing in food industry. There is however, as yet, no report yet 
revealing changes in the morphology of LAB strains in response to different agitation speed.  
 
Nutrient stress 
 
LAB strains have been known to respond to changes in nutrient availability in their 
environment. For example, LAB culture media are commonly supplemented with sugars, 
proteins as source of nitrogen, fatty acid esters, minerals, vitamins, buffering agents and 
surfactant (De Man, Rogosa, & Sharpe, 1960; Hayek & Ibrahim, 2013). However, when LAB 
strains are starved or depleted of important sources of nutrients, changes in metabolism and 
morphology normally occur. In L. plantarum B21, when the main carbohydrate source 
(glucose) was absent in the growth media, the cells became significantly shorter than the 
unstressed control with a coccoid-like shape, and when Tween 80 was absent in the growth 
media, many elongated, filamentous rods were observed (Parlindungan, Dekiwadia, Tran, 
Jones, & May, 2018) (Table 1). Moreover, it was found that the coccoid shaped, starved L. 
plantarum B21 had higher survivability after spray drying and microencapsulation with whey 
protein isolate, and better storage stability at ambient temperatures and also retained their 
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ability to secrete antimicrobial compounds (Parlindungan, Dekiwadia, May, & Jones, 2019a) 
compared to non-starved controls. The elongated, filamentous L. plantarum B21 showed 
lower survivability after spray drying with poorer stability, with loss of functional bacteriocin 
activity after 5 weeks storage at ambient temperatures however (Parlindungan et al., 2019a). 
Similar observations have also been seen in short, rod shaped L. acidophilus NCFM which 
were found to be more stable compared to the elongated rod shaped cells after freeze drying 
and during storage (Senz, van Lengerich, Bader, & Stahl, 2015). Hence, suboptimal nutrient 
stress and modulation of nutrient availability or growth conditions have high potential to aid 
in producing stable LAB microcultures in future. 
 
A recent paper used NMR and GC-MS analysis to show that L. plantarum B21 exhibited 
different metabolic pathways in response to nutrient stress (Parlindungan, May, & Jones, 
2019b) (Table 1). Large numbers of metabolites involved in amino acid metabolism 
including alanine, glutamic acid, aspartic acid, valine, proline and norleucine were 
upregulated in glucose stressed cells, indicating that they were using amino acids as their 
main source of energy (Parlindungan et al., 2019b). Whereas, in the presence of glucose as 
the main carbohydrate source, high concentration of metabolites involved in glycolysis and 
organic acid synthesis, such as lactic acid, acetic acid, propanoic acid, malic acid and 2-
butenedioic acid were produced. The ratio of unsaturated fatty acids to saturated fatty acids in 
carbohydrate-stressed, Tween 80-stressed and unstressed was 1:1, 1:5 and 1:5 respectively 
(Parlindungan et al., 2019b). A higher percentage of unsaturated fatty acids can improve the 
liquidity, flexibility and elasticity of cell membranes and promote extracellular H
+
 pumping 
to maintain intracellular pH homeostasis (Streit, Delettre, Corrieu, & Beal, 2008). This may 
be the reason for enhanced stability and survivability in carbohydrate-stressed L. plantarum 
B21, compared to Tween 80-stressed and unstressed counterparts but more work is needed to 
prove this. 
 
In summary, metabolomics studies have shown that LAB strains experience changes in 
metabolic profile due to stress and that different strains of LAB may behave differently after 
being exposed to specific stresses.  Some strains survive and become stronger, whereas more 
sensitive ones can die off (Fig 3). Both the more sensitive and the tolerant strains aim to 
maintain cellular homeostasis through changes in metabolites that are responsible in 
carbohydrate, amino acid and fatty acid metabolism; but the tolerant strains manage their 
metabolism better to minimise the damage or injury caused by ROS produced by stress. 
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Potential strategies to improve LAB stress adaptation and tolerance 
 
As each LAB strain is unique with various degrees of sensitivity and adaptability, a number 
of strategies have been employed to protect and improve stress tolerance (Fig 5). The 
strategies could be used individually or used in combination for improved protection of the 
LAB strains. This is to ensure that they survive in adequate or high numbers to guarantee 
their desired functional effects in any food product(s) they are added to. 
 
 
Figure 5 – General scheme of multiple possible strategies used to protect and improve stress 
tolerance in LAB. 
 
Selection of robust strains 
 
As some strains of LAB are intrinsically and naturally more sensitive and susceptible to 
certain types of stress, stress-resistant strains need to be specifically selected, to ensure 
bacteria survive from production to final application (Fig 4). For instance, it is known that L. 
lactis subsp. lactis strains are generally more robust and can withstand heat and oxidative 
stress, with up to 20% survival after spray drying, but  such robustness is not evident in L. 
lactis subsp. cremoris (Dijkstra et al., 2014). Similarly, L. plantarum DB200 and 
L. sanfranciscensis LS44 are found to be the most persistent strains during sourdough 
fermentation, which makes them the most suitable for use as starter cultures for sourdough 
propagation (Minervini et al., 2010). Out of 33 Of several LAB strains tested, L. plantarum 
CCFM8610 has the best tolerance to cadmium stress (Zhai et al., 2015). The functional food 
application for this strain was further tested and it is claimed to be a robust strain to bio-
absorb and remove cadmium from vegetable and fruit juices (Zhai et al., 2016). These results 
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show that  careful examination and selection of intrinsically robust strains of LAB is crucial 
prior to further processing, to ensure that the selected LAB strains could survive, remain 
viable and are functional for their intended purpose (and do not negatively affect the taste of 
the food).  
 
Genetic modification 
 
Genetic modification through insertion or deletion of genes has also been used as a strategy 
to improve stress tolerance and robustness in LAB (Fig 4). Overexpression of trehalose gene 
otsB isolated from P. freudenreichii resulted in improved tolerance to acid, heat and cold 
stress in L. lactis NZ9000 (Carvalho, Cardoso, Bohn, Neves, & Santos, 2011). In L. 
salivarius UCC118, overexpression of BetL leads to increased tolerance to freeze and spray 
drying, and improved resistance towards heat, cold, pressure and osmotic stress (Sheehan, 
Sleator, Fitzgerald, & Hill, 2006). Nonetheless consumer acceptance of genetically modified 
organisms remains a challenge, which hindering the adoption of this technology for food, 
agricultural, and clinical applications. It should also be kept in mind that simply adding extra 
copies of a gene is not a guarantee they will be expressed. The gene transcription and 
translation ability of cells is something that must also be taken into account when trying to 
express genes in a system. However, changes in genes could also occur through non-GM 
approaches, including spontaneous mutation. While non-GM approaches do not have 
regulatory issues in applications, research incorporating these methods is still relatively new 
and not well used. 
 
Stress-induced robustness 
 
While many LAB strains are sensitive to stress, some strains of LAB experience improved 
robustness and/or stability after exposure to sub-lethal stresses. The method of inducing stress 
tolerance in LAB, through prior exposure to stress has been proven to be effective in many 
cases (Fig 4). For example L. casei BL23 exhibited improved tolerance to acid, bile salt, heat 
and cold stress if it was grown in growth media supplemented with 30% hyperconcentrated 
whey (Cordeiro et al., 2018). Furthermore, this stressed strain also showed better tolerance to 
spray drying – which involves heat and oxidative stress due to exposure to the air stream. 
Hyperosmotic stressed L. casei BL23 developed cross resistances to multiple other stresses 
(Huang et al., 2018). Moreover, it was found that L. plantarum B21’s storage stability at 
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ambient temperatures was enhanced when it was grown in the absence of glucose 
(Parlindungan et al., 2019a). Functional bacteriocin activity was also retained in glucose 
stressed L. plantarum B21 but it was not the case for the unstressed counterpart. Exposure to 
low temperature in L. plantarum L67 has resulted in improved ability to survive through 
subsequent freeze-thaw processes and lyophilisation (Song, Bae, Lim, Griffiths, & Oh, 2014). 
In addition, heat-adapted strain of L. paracasei NFBC 338 was revealed to develop greater 
resistance to solvent, heat and acid stress and develop greater adherence to the host cell wall, 
which makes it a more robust probiotic strain which could survive the harsh conditions of the 
gut environment (Desmond, Fitzgerald, Stanton, & Ross, 2004).  
 
Many bacteria have survival mechanisms to adapt and tolerate changes in the environment 
and this phenomenon is also observed in non-LAB species. Vibrio cholerae turned into 
coccoid shape in response to starvation stress and this starved cells exhibited greater 
resistance to freezing, low pH, and chlorine (Shibata, Nomoto, & Osawa, 2015). It was 
thought that this species undergo a viable but non-culturable (VBNC) state in order to adapt, 
through changes in cell membrane composition, reduced levels of macromolecule synthesis, 
nutrient transport, and respiration rate (Oliver, 2010). Prior exposure to sublethal, mild heat 
stress in Listeria monocytogenes leads to higher heat stress tolerance (Shen et al., 2014). 
Increased expression of heat shock genes and downregulation of genes responsible for cell 
division and cell wall synthesis were argued to be responsible for these physiological 
adaptations (Van Der Veen et al., 2007). This would appear that using the strategy of 
exposure to suboptimal, non-lethal stresses prior to further processing could be the key to 
generating stronger and more stable cultures of many bacteria of use to the food industry. 
 
Microencapsulation and drying technology 
 
LAB are usually available commercially in two forms, liquid and powder. LAB in the 
aqueous phase face a number of challenges for use in food as their viability is difficult to 
maintain during storage and transport and they cannot be added to dry foods in this form. 
These problems lead to skewed preference towards a powder-form LAB by industry. 
Microencapsulation by various forms of drying has been a popular method of protecting and 
improving survivability in LAB to cope with adverse, stressful conditions (Fig 4). Prior to 
drying, the LAB are mixed and protected with selected coating or carrier material(s). 
Alginate (Holkem et al., 2016), whey protein (Parlindungan et al., 2019a), milk (Shu, Wang, 
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Chen, Wan, & Chen, 2018), pectin (Slavutsky, Chávez, Favaro-trindade, & Bertuzzi, 2017) 
and combination of maltodextrin-skim milk or whey protein concentrate-D-glucose 
(Soukoulis, Behboudi-Jobbehdar, Yonekura, Parmenter, & Fisk, 2014) are amongst the 
reported suitable coating material for microencapsulation agent of LAB. 
 
A number of drying techniques are available, including spray drying, freeze drying, fluid bed 
coating and spray cooling (Martín, Lara-Villoslada, Ruiz, & Morales, 2015), with freeze 
drying and spray drying the two commonly used technique for large scale production in 
industries. Since the processing conditions during freeze drying are milder than spray drying, 
the former process tends to result in a higher bacterial survival rate (Wang, Yu, & Chou, 
2004). For freeze drying, the solvent is frozen and removed by sublimation (Solanki et al., 
2013). This process can cause damage to cell membranes due to formation of ice crystals. 
The low temperature and high osmolarity during freeze drying can also be fatal to bacteria 
(Capela, Hay, & Shah, 2006). Freeze drying technique is 6 to 10 times more energy than 
spray drying higher (Martín et al., 2015), is more time consuming and 30 to 50 times more 
expensive (Gharsallaoui, Roudaut, Chambin, Voilley, & Saurel, 2007). Spray drying can also 
be operated on continuous basis (Martín et al., 2015), which freeze drying cannot. However 
this technique involves high temperatures which imposes stress to the bacteria cell membrane 
and may cause leakage of intracellular substances (Anekella & Orsat, 2013). Proper 
adjustment to the outlet and inlet temperatures are also required to obtain viable 
microencapsulated cultures with a desired particle size distribution (Martín et al., 2015).  
 
Designing appropriate handling and storage is extremely crucial to keep microencapsulated 
LAB viable over time (Fig 5). LAB strains generally survive at low temperature and low 
moisture conditions (Manojlović, Nedović, Kailasapathy, & Zuidam, 2010). Oxygen and 
light could also impose stress to LAB (Manojlović et al., 2010). Hence, a nitrogen or 
vacuum-sealed or non-oxygen-permeable packaging with a proper barrier to light exposure 
should be selected to protect microencapsulated LAB from such stressors (Fig 5). 
Combinations of multiple protection strategies, starting from selection of robust strains, 
microencapsulation by drying, to proper handling or storage seem ideal to enhance protection 
of LAB for effective functional applications (Fig 4). As many researchers have been placing 
such efforts to improve stress tolerance and designing multiple strategies to protect LAB 
from stressful conditions they may encounter, this proves that LAB strains are of high value 
and advantages for industrial and public use.  
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Challenges and future directions  
 
Keeping LAB strains remain viable and functional over a long period of time, and resistant to 
downstream processing condition until its final application is a difficult task and a number of 
challenges are still present in the field of understanding and studying LAB stress responses 
for this purpose. Development of multiple hurdle strategies to protect LAB from stress have 
been explored and continually improved over the years to tackle this issue. Metabolomics in 
particular has been of high interest in an effort to better elucidate and understand complex 
cellular network, even though published data regarding metabolomics stress response in LAB 
strains are still limited (Table 1). This is likely because metabolomics is a relatively newer 
platform as compared to the other omic sciences, so the (untapped) potential of this approach 
is yet to be fully explored.  
 
The use of morphological tools to study LAB stress response mechanism has, to date, been 
reliant on obtaining electron and optical micrographs. There is a need to utilise a live-imaging 
approach for a more complete understanding of LAB stress tolerance and adaptation, when 
exposed to different types of stressors. Such advanced technique has been proven possible in 
the area of immunology, in which the killing mechanism (including the movement, 
migration, interaction and structural changes) of cytotoxic T cells (CTL) towards the target 
cells can be clearly visualised and observed by the high-resolution 4D live-cell time-lapse 
microscopy (Ritter et al., 2015). This kind of microscopic investigation of mechanism of 
action may be possible in future in food microbiology. 
 
With all the various reported beneficial applications of LAB in the area of food technology 
and biotechnology, the process of translating research findings into real applications which 
are accessible to public remains a challenge. One reason is because there are a vast number of 
LAB strains, and each strain, even of the same species or genus, has specific functions with 
unique properties and characteristics. This means the functional applications between LAB 
strains differ from one another and are strain-specific and each strain of LAB require 
different protection strategies. Multiple research and cross validation studies using different 
techniques to fully understand the potential of all LAB strains would be unfeasibly expensive 
in terms of both time and money. However as the example is nisin shows the end product can 
be worth it. Nisin is currently the only commercial bacteriocin available and it took 
approximately 55 years for this compound to be approved by the US Food and Drug Agency 
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for commercialisation since it was first discovered (Cotter et al., 2005) but today the market 
for this compound is in the area of billions of dollars, as reported by the Express Wire (2019). 
It could be argued that with the advancement in the area of metabolomics, which is an 
analytical technique that can provide results rapidly, coupled with utilising the extremely 
popular morphological technique; discovery and translation of LAB into a publicly accessible 
product with high commercial value will be faster and more efficient in future. 
 
Conclusion  
 
Demands of the use of LAB for various purposes, including being used as probiotics, starter 
cultures, antimicrobial agents, for bioremediation and for production of compounds such as 
lactic acid, will likely continually increase in future. A better understanding of the stress 
resistance and tolerance mechanisms of LAB allows greater understanding of the basis for 
these adaptive responses and how to utilise them to best achieve the aim of translating LAB 
into industrial applications to produce feasible products that are accessible to public. 
Screening of robust, stable LAB cultures with desired functional effects and tolerance to 
stress can likely be achieved successfully with metabolomics in combination with 
morphological tools.  
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Chapter 3 
3. Materials and Methods 
Basic principle for advanced instruments utilised 
The research described in this thesis required the use of many different techniques and 
instruments. The specific materials and methods used throughout this research are explained 
and described in detail in Chapter 4 through 7. This chapter focuses on providing a general 
overview of the basic principles of the instruments used throughout the thesis. 
3.1 UV/Vis Spectrometry 
The UV/Vis spectrometry is an instrument used for measuring the absorbance spectra 
of various chemicals and biological compounds, where the change in absorbance is measured 
as a function of wavelength. It is a quantitative analytical technique concerned with the 
absorption of near-ultraviolet (180–390 nm) or visible (390–780 nm) wavelengths of 
electromagnetic radiation by the chemical species in the liquid or gas phase (Worsfold & 
Zagatto, 2019). This technique is not suitable for identification purposes, but is commonly 
used for quantitative analysis. 
 
 
Figure 1. SPECTROstar Nano UV/Vis spectrometer (BMG Labtech). 
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In this thesis, the SPECTROstar Nano UV/Vis spectrometer (BMG Labtech, 
Mornington, Victoria, Australia) was used to quantitate the amount of bacteriocin or 
antimicrobial peptide produced (Fig 1). This spectrometer splits the transmitted light into 
different wavelengths and is capable of instantaneously capturing full absorbance spectra 
from 220 to 1,000 nm at resolutions of 1 to 10 nm, significantly faster than any other 
conventional method (Fig 2). Specifically in Chapter 4, absorbance at 562 nm on a 96 well 
microplate (Thermo Fisher) was performed to quantitate the amount of bacteriocin in the 
sample. 
 
 
Figure 2. General principle of UV/vis spectrometry. 
3.2 Matrix Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry 
Mass spectrometry (MS) is an analytical technique by which chemical compounds are 
ionized into charged molecules and ratio of their mass to charge (m/z) is measured.  Matrix 
assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF) is a 
specialised form of the technique used to create ions from large molecules with minimal 
fragmentation. Samples for MALDI-TOF analysis are prepared by mixing with an organic 
matrix which is energy-absorbing and smaller than the target molecules (Singhal, Kumar, 
Kanaujia, & Virdi, 2015). The three most commonly used are 3,5-dimethoxy-4-
hydroxycinnamic acid (sinapinic acid), α-cyano-4-hydroxycinnamic acid (α-CHCA, alpha-
cyano or alpha-matrix) and 2,5-dihydroxybenzoic acid (DHB) As the sample-matrix mix is 
dried the sample and matrix co-crystallise, the sample within the matrix is ionised with a laser 
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beam (Fig 3). Desorption and ionization via the laser generates singly protonated ions (Fig 3). 
These are accelerated at a fixed potential, and are separated from each other on the basis of 
their mass-to-charge ratio (m/z). The charged analytes are then detected and measured using a 
time-of flight (TOF) mass analyser (Fig 3).  A MALDI-TOF (Bruker, Bremen, Germany), 
containing a 355-nm Smartbeam II laser for desorption and ionization was used in Chapter 4 
to detect and identify the size of bacteriocin of interest within the sample (Fig 4).  
 
Figure 3. General principle of MALDI-TOF instrumentation. 
 
Figure 4. MALDI-TOF instrument containing a 355-nm Smartbeam II laser for desorption 
and ionization by Bruker. 
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3.3 Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) is a technique used to create images of 
microscale (1 µm or 10
-6
 m) and/or nanoscale (1 nm or 10
-9
 m) features (Vernon-Parry, 
2000). SEM uses a focussed beam of electrons to create a magnified image of an object, 
which could be zoomed from 10 to 300,000 times larger than actual size. SEM is a powerful 
tool to visualise and analyse the surface morphology of a sample. The electron beam is 
scanned in a regular pattern across the surface of the sample and the electrons that come out 
of the sample are used to create the image.  
An analogy on how SEM works is a person in a dark room with a fine beamed torch 
scanning for objects on the wall. The person can build an image of the objects using their 
memory by scanning the torch systematically in horizontal direction and gradually in vertical 
direction. SEM uses an electron beam instead of torch, an electron detector instead of eyes 
and a viewing screen and camera as memory.  
In a light microscope, light photons are focussed by glass lenses. In an electron 
microscope, electromagnets are used to focus the electrons, which are negatively charged 
particles within the atom. The interaction of the electron beam with the surface of the sample 
affects the images that we achieve. SEM in many ways is similar to light microscope. Both 
light microscope sand SEM have a source of illumination (light bulb vs electron source), a 
condenser lens (glass vs electromagnetic), a detector (the eye vs an electron detector) and a 
specimen. Nonetheless SEM has a higher resolution with greater magnification compared to 
light microscopy, with better depth of field which leads to greater topographical detail and 
provide better microanalysis on the sample composition (Vernon-Parry, 2000). This is 
because electrons have a smaller wavelength than light so can resolve finer details.  
Typically, SEM consists of three main parts. First, the microscope column; this 
consists of an electron gun at the top, the column by which the electrons travel, and the 
sample chamber at the base (Fig 5). A computer along with additional bench controls is used 
to control the microscope (Fig 5). There is also ancillary equipment which can aid in sample 
analysis. SEM provides greater resolution and structural clarity compared to light 
microscope, as evidently shown by microscopic analyses of Lactobacillus plantarum B21 in 
Figure 6. 
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In this research, two types of SEM were used. These were the FEI Verios 460 L 
(Thermo Fisher, Oregon, USA) (Chapter 4 & Chapter 6, Fig 7A) and FEI Scios Dualbeam 
FIB (Thermo Fisher) (Chapter 5, Fig 7B).  
 
Figure 5. Basic components of an SEM instrument. Image was obtained from Microscopy 
Australia (2013a). 
 
 
Figure 6. Micrographs of Lactobacillus plantarum B21, obtained by (A) an optical 
microscope, adapted from Tran (2010) and by (B) SEM. Scale bar = 1 µm. 
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Figure 7. The two SEM instruments used in this project. (A) FEI Verios 460 L and (B) FEI 
Scios Dualbeam FIB. 
3.4 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is another analytical technique used to 
visualise and analyse objects at very small scales (Williams & Carter, 1996). TEM uses a 
focused beam of high electrons within a high vacuum to produce images from a sample, 
which could be magnified up to 1,000,000 times. TEM allows greater, more detailed micro-
structural analysis and complexity through high resolution and high magnification that is 
possible via a light microscope. 
The way the TEM creates an image of a sample is analogous to shadow puppetry. 
Imagine a torch beam shines through a lattice on a window. The light passes through the 
transparent parts of the window, but is stopped by the bars. On a wall, beyond the lattice, bars 
are seen as shadows. TEM uses a beam of highly energetic electrons instead of light from a 
torch. A part of the sample may stop or deflect electrons more than other parts. The electrons 
are collected from below the sample onto a phosphorescent screen or through a camera. The 
parts of the sample where the electrons do not pass through are dark. The image is brighter at 
A B 
Chapter 3 
65 
 
the parts where electrons are unscattered, and there are spectrums of grey colours in between 
depending on the way the electrons interact with and are scattered by the sample.   
A typical TEM generally composes of the electron gun, electron column, electro-
magnetic lens system, detectors, water chiller system, specimen or sample chamber, main 
control panel with operational controls and image capture (Fig 8). This technique provides a 
number of advantages. First, TEM enables high resolution, high magnification image 
acquisition (best as 200 nm). Second, it can give structural information, in regards to the 
symmetry and also orientation of the sample. Third, microanalysis of chemical composition 
can be achieved through this technique. In the area of microbiology, TEM allows high 
resolution of ultrastructural analysis and visualisation of the outer and inner layer of bacteria 
(Fig 9). In this research a JEOL TEM 1010 (JEOL, Massachusetts, USA) operated at high 
vacuum at 80 kV was used in Chapter 4 and Chapter 5, to analyse the ultrastructural 
morphology of bacteria strain of interest (Fig 10). 
 
 
Figure 8. Basic components of a TEM instrument. Image was obtained from Microscopy 
Australia (2013b). 
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Figure 9. TEM micrograph of Lactobacillus plantarum B21. Scale bar = 1 µm. 
 
 
Figure 10. JEOL TEM 1010 instrument. 
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3.5 Spray Drying 
Spray drying is a dehydration technique, commonly used in food industry, where a 
solution, emulsion or liquid suspension is converted to solid particles or powder by spraying 
into a current if hot air. Spray drying is a low cost method and can be used to effectively 
microencapsulate bacteria in a dry, powder form to maximise their shelf life. 
There are three fundamental steps of spray drying (Gharsallaoui, Roudaut, Chambin, 
Voilley, & Saurel, 2007). First, the contact between droplet and hot air leads to an increase in 
the droplet temperature due to heat transfer. Evaporation of water droplets is then carried out 
at constant temperature and water vapour partial pressure. The rate of diffusion from the 
droplet core to its surface is considered constant and equal to the surface evaporation rate. 
Finally, a dry crust is formed when the water droplet content reaches a critical value and the 
rate of drying rapidly decreases. In theory, drying is completed when the temperature of the 
particle is equal to that of the surrounding air.  
 
Figure 11. Components of LabPlant SD-Basic FT30MKIII laboratory scale spray dryer. 
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A LabPlant SD-Basic FT30MKIII, laboratory scale spray drier (Keison products, 
Chelmsford, Essex, UK) was employed to dry and encapsulate the bacteria in Chapter 6 (Fig 
11). It has a self-priming peristaltic pump which delivers the liquid sample through a small 
diameter jet (0.5 mm) into the main chamber. At the same time compressed air enters the 
outer tube of the jet which results in a fine atomised spray entering the drying chamber this 
passed into the cyclone section and then to the collecting chamber (Fig 11). In Chapter 6, 
following a protocol by Khem, Woo, Small, Chen, and May (2015), the air pressure was set 
at 392.27 kPa, the inlet and outlet temperature were set at 110 °C and 68 °C respectively, the 
air flow was 70 m3 h−1and the feed flow rate was 6.6 mL min−1. 
3.6 Nuclear Magnetic Resonance 
Nuclear Magnetic Resonance (NMR) is a relatively rapid, powerful technique that 
relies on the magnetic properties of the atomic nuclei. NMR is highly robust in terms of 
reproducibility and results. It is commonly used for structural elucidation of molecules by 
organic chemists, for structural identification and determination of macromolecules for 
structural biologists and even for metabolite profiling by biochemists. This technique requires 
minimal sample preparation and is non-destructive, meaning samples can be recovered 
further processed and analysed. Nonetheless, NMR is an inherently insensitive compared to 
other more powerful analytical tools, like mass spectrometry (MS). 
Fundamental to the NMR phenomenon is a property called spin (I).  Nuclei with non-
zero spin are detectable by NMR, including 
1
H, 
13
C, 
15
N and 
31
P, and possess both angular 
momentum and a magnetic moment.  A nucleus of spin I has 2I + 1 spin states, all of which 
have the same energy in the absence of a magnetic field.  In the presence of a magnetic field 
(B0) this degeneracy is removed and the magnetic moments align themselves in 2I + 1 
orientations, each corresponding to a discrete energy level.  For nuclei with I=½, e.g. 
1
H, this 
relates to two energy levels; alignment with or against the magnetic field.  Moreover, the 
effect of the magnetic field B0 on the magnetic moment is to impose a torque such that the 
moment precesses about the applied field at a rate called the Larmor frequency. Nuclei can 
flip between these two states by the absorption or emission of electromagnetic radiation.  The 
energy of this transition is given by E = hυ, where h is Planck’s constant and υ is the 
frequency of radiation absorbed.  This frequency must match the Larmor frequency for 
transitions between energy levels or ‘resonance’ to occur (Claridge, 1999; Hore, 1995). 
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The numbers of magnetic moments within each energy level are described by the 
Boltzmann distribution.  Since the differences between spin energy levels are small, the 
corresponding population differences are similarly small, of the order of 1 in 10
4
 at 25 °C, 
making NMR an inherently insensitive technique.  This population difference leads to a small 
net magnetic moment aligned with the external field.  The difference between energy levels is 
determined both by the external magnetic field and the identity of the nucleus itself, 
according to its gyromagnetic ratio.  Protons have a relatively high gyromagnetic ratio and 
therefore, combined with their high natural abundance (99.99%), are particularly suitable for 
investigation by NMR.  However, the effectiveness of NMR arises due to the additional 
influence of the local chemical environment.  For example, not all protons resonate at the 
same frequency because electrons shield nuclei from the applied field by setting up their own 
opposing fields.  This means that the actual resonance frequency of a particular proton is 
proportional to B0(1-), where  is a measure of the opposing field generated by the 
electrons.  The frequency is generally expressed as a shift from a reference nucleus in parts 
per million (ppm).  Such chemical shift data gives information on the chemical environment 
of a particular proton.  Further molecular structural information can also be obtained from 
spin coupling, an effect arising from the interaction of neighbouring nuclei.  Coupling results 
in the formation of multiplets, the complexity of which is dependent on the number and 
nature of nearby nuclei (Claridge, 1999; Hore, 1995).  For example, the number of lines into 
which a signal is split by coupling to n equivalent nuclei of spin I, is given by the formula 
(2nI+1).  For nuclei of spin I=½, this equates to (n+1).  This can be illustrated for a typical 
spin system consisting of two interacting nuclei, A and X (I=½), where the resulting spectrum 
contains two doublets  
To capture the complete range of frequencies in a given sample in one go, NMR 
makes use of pulse excitation methods which excite all frequencies simultaneously.  
Typically, the sample is irradiated at 90 to the magnetic field, aligned along the z axis, with 
the effect that the net magnetic moment is rotated into the x-y plane.  Following this 
perturbation, relaxation processes occur, returning the net magnetisation to its equilibrium 
state aligned along the z axis.  During relaxation, a signal is detected corresponding to the 
emission of energy between the associated energy levels, appearing as oscillations that 
gradually decay; this signal is referred to as free induction decay (FID).  Fourier 
transformation of the FID from the time to frequency domain generates an NMR spectrum.  
Peaks are assigned according to chemical shift and coupling patterns.  However, many 
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resonances overlap in a 1-dimensional NMR spectrum such that assignment of molecules in a 
sample can prove difficult.  Two-dimensional NMR approaches can be a useful means of 
overcoming this problem by providing information on spin coupling across two frequency 
dimensions.   
 
Figure 12. General overview of the NMR experimentation. 
In this research, 600 µL of the processed bacterial sample was transferred to 5 mm 
NMR tube. The sample was analysed using Bruker-300 Ultrashield NMR (Bruker, Billerica, 
Massachusetts, USA) as described in Chapter 7 (Fig 12). Multivariate analyses were then 
employed to identify and quantify the different metabolites present in the sample. 
3.7 Gas Chromatography Mass Spectrometry 
Similar to NMR, mass spectrometry (MS) is extremely powerful for identification of 
metabolites and for structural elucidation. This tool plays important part in metabolic 
profiling due to its high sensitivity, high speed and high throughput. The use of MS to 
determine sample composition relies on separating gaseous charged ions according to their 
mass to charge ratio (m/z).  Whilst there are many variations in terms of the technology, the 
basic principles remain the same.  Molecules are first ionised within an ion source and the 
ions accelerated by an electric field into a mass analyser.  Fragmentation of the ions may 
occur during ionisation or by later impact with a collision gas within the MS.  To protect the 
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ions from unwanted collisions, the instrumentation through which the ion beam passes is 
maintained at pressures in the range of 10
-4
-10
-8
 Torr.  Within the mass analyser, ions are 
dispersed according to their m/z ratio, depending upon their dynamics in varying electric and 
magnetic fields.  The segregated ions are finally detected by inducing a charge at a detector 
and the signal recorded as a mass spectrum.         
Separation techniques such as gas chromatography (GC) is usually required prior to 
MS to avoid overlapping signals. Many volatile and semi-volatile compounds can be 
separated by GC but detection is not always selective, whereas MS can selectively detect 
many compounds but not always separate them. The advantage of combining GC and MS 
therefore, becomes obvious.  
In principle, GC technique is based on separation of volatile and thermally stable 
metabolites (or chemically derivatised versions thereof). Some compounds are naturally 
volatile, such as ketones, aldehydes, alcohols, esters. Non-volatile compounds, like sugars, 
amino acids, lipids, organic acids could be made volatile by derivatisation. One of the most 
popular derivatisation methods is  silylation and for this project, N-methyl-N-(trimethylsilyl)-
trifluoroacetamide (MSTFA) was used. MSTFA can react with nearly all polar functional 
groups, including -COOH, -OH, -NH, -SH to increase volatility of the compound by 
replacing the active hydrogen with an alkylsilyl group (Mastrangelo, Ferrarini, Rey-Stolle, 
Garcia, & Barbas, 2015).  
A  MS system is composed of a sample inlet, an ion source, a mass analyser and a 
detector. The sample inlet introduces the sample into the mass spectrometer, the ion source 
generates gas-phase ions via an ionisation technique, the mass analyser separates the ions 
according to their mass to charge ratio (m/z), and the detector generates an electric current 
from the incident ions that is proportional to their abundance (De Hoffmann & Stroobant, 
2007).  
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Figure 13. General overview of the GC-MS experiments. 
 
GC-MS was used in this project for its higher sensitivity to detect more metabolites 
present in the sample, as NMR is known to be a less sensitive instrument. In this research, 
600 µL of the processed and chemically derivitised bacterial sample was transferred to 2 mL 
MS vial. The sample was analysed using a Clarus 680 GC-MS (Perkin Elmer, Wellesley, 
Massachusetts, USA) using splitless injection and a ZB-5MS column (30m x 0.25 mm ID x 
0.25 µm) (Fig 13). Helium was used as the carrier gas at a constant flow rate of 1.2 mL/min, 
as described in Chapter 7. Subsequently the MS spectra was analysed to get information of 
metabolites. Multivariate analyses were employed to identify and quantify the different 
metabolites present in the sample. 
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Abstract  
 
Food waste is a global issue costing roughly US$ 680 billion in industrialized countries.  
Food spoilage is a major contribution to food waste but chemical preservatives are not well 
accepted by the public. The use of natural alternatives is therefore of interest in the food 
industry to control spoilage. Lactobacillus plantarum B21, originally isolated from a 
Vietnamese fermented meat product, produces the antimicrobial bacteriocin, which is pH and 
temperature stable and capable of inhibiting a number of Gram-positive bacteria, including 
Listeria. Knowing what factors are important to support L. plantarum B21’s growth and 
bacteriocin production are crucial to develop this strain effectively for future food and 
industrial application. Nitrogen source and Tween were found to be essential for growth and 
bacteriocin production in L. plantarum B21 while carbohydrate source was not a critical 
factor for bacteriocin production but was essential for increased growth.  The bacteriocin was 
found to interact with cell membranes of target microorganisms resulting in cell leakage. This 
study provides insight into the potential development of L. plantarum B21 as a natural 
biopreservative for food and industrial applications. 
 
Keywords: antimicrobial peptides; electron microscopy; growth conditions; Lactic acid 
bacteria; natural preservatives 
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1. Introduction 
 
According to the Food and Agriculture Organization of the United Nations food waste costs 
US$ 680 billion in industrialized countries and US$ 310 billion in developing countries, 
consumes nearly a quarter of the water used in agriculture, and produces 8% of global 
greenhouse gas emissions (FAO). Spoilage due to microbial contamination is a major cause 
of food waste but the use of chemical preservatives has become increasingly unpopular due to 
their perceived health risks. There is therefore an increasing interest and need to develop 
natural biopreservatives. The use of protective cultures and antimicrobial peptides, known as 
bacteriocins, has significant potential in this regard. 
 
Lactobacillus plantarum, a species of lactic acid bacteria (LAB), has been isolated from a 
wide range of foods, including dairy products (Fernandes et al., 2017), vegetables 
(Khemariya, Singh, Jaiswal, & Chaurasia, 2016), fruits (Ahmad, Yap, Kofli, & Ghazali, 
2018), meat (Golneshin et al., 2016a) and wine (Testa et al., 2014). Some strains of L. 
plantarum are classified as probiotics with potential, health benefits including decreasing 
high cholesterol and the risk of cardiovascular disease (Fuentes, Lajo, Carrion, & Cune, 
2013) and irritable bowel syndrome (Ducrotte, Sawant, & Jayanthi, 2012). L. plantarum B21, 
originally isolated from a Vietnamese fermented meat product (nem chua) is one of the few 
LAB strains which produces a cyclic bacteriocin - plantacyclin B21AG (Golneshin et al., 
2016b). This compound is one of the few bacteriocins reported to be pH stable (within a 
range of 3.0 to 10.0) with moderate thermostability (up to 20 min at 90 °C) and a wide 
spectrum of inhibitory activity against LAB and non-LAB species including Listeria and 
Clostridia (Golneshin et al., 2016b; Tran, 2010). Other bacteriocins, such as, nisin Z, 
(currently the only such compound licensed for use in food) lose the majority of their 
antimicrobial activity when exposed to similar pH and thermal conditions (Noonpakdee, 
Santivarangkna, Jumriangrit, Sonomoto, & Panyim, 2003). Bacteriocin produced by L. 
plantarum B21 could therefore have significant use in the food industry if the ideal 
conditions for producing it were known.  
 
Growth of LAB (and associated bacteriocin production) is known to be influenced by a 
number of factors including the composition of the growth media and culture conditions 
(Parente & Hill, 1992). However, the factors influencing growth and bacteriocin production 
vary significantly between LAB strains. For instance, L. oligofermentans LMG 22743 prefers 
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xylose and ribose compared to glucose as the main carbohydrate source (Andreevskaya et al., 
2016). In contrast L. acidophilus NCFM prefers glucose and fructose (Barrangou et al., 
2006). The optimization of culture conditions for specific LAB species is therefore a complex 
task, but an extremely important one if production is to be accomplished at a commercial 
scale. A better understanding of the factors that influence the growth and bacteriocin 
production in L. plantarum B21 is therefore essential if these species are to be exploited for 
food technology and related purposes. 
 
This study investigated the conditions that supported growth and bacteriocin production in L. 
plantarum B2. Electron microscopy was also used to observe changes in the ultrastructure of 
the target microorganisms after exposure to bacteriocin produced by L. plantarum B21. The 
results from this study provide insight into the potential of L. plantarum B21 as a natural 
biopreservative for food and industrial applications. 
 
2. Materials and Methods 
 
2.1 Bacteria strains and storage condition 
 
The L. plantarum B21 test strain and the indicator strains L. plantarum A6 and Listeria 
monocytogenes 192/1-2 ACM3173 were obtained from a culture collection maintained at the 
School of Science, RMIT University, Melbourne, Australia. Stock cultures of L. plantarum 
and L. monocytogenes were stored at -80 °C in De Man, Rogosa and Sharpe (MRS) broth 
(BD Biosciences, North Ryde, New South Wales, Australia) and Luria-Bertani (LB) broth 
(Thermo Fisher, Scoresby, Victoria, Australia) respectively, each supplemented with 40% 
(v/v) glycerol (Sigma Aldrich, Castle Hill, New South Wales, Australia). A loop of stock 
culture was then transferred to, and cultured on, MRS agar (Thermo Fisher) for L. plantarum 
strains and LB agar (Thermo Fisher) for L. monocytogenes, and then incubated for 24 h at 37 
°C. These working culture plates were stored at 4 °C. 
 
2.2 Growth media preparation and culture conditions 
 
2.2.1 To test the effect of different types of culture media, MRS broth (BD Biosciences) and 
M17 broth (Thermo Fisher), a colony of L. plantarum B21 working culture was transferred 
into 15 mL of broth and incubated at 37 °C for 24 h. 
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2.2.2 To test the effect of temperature, aeration and agitation, a colony of L. plantarum B21 
working culture was transferred into 15 mL of MRS broth. The MRS formulation contained 
10 g/L proteose peptone no. 3 (Thermo Fisher), 10 g/L beef extract (Thermo Fisher), 20 g/L 
glucose (Merck), 5 g/L yeast extract (Sigma Aldrich), 1 mL/L Tween 80 (Melbourne Food 
Depot, Victoria, Australia), 2 g/L Ammonium citrate (Sigma Aldrich), 5 g/L Sodium acetate 
(Merck), 0.1 g/L Magnesium sulfate (Merck), 0.05 g/L Manganese sulfate (Sigma Aldrich) 
and 2 g/L Dipotassium phosphate (Merck). The broth was incubated at different 
temperatures, 25 °C, 30 °C, 37 °C and 42 °C and kept aerobically static for 24 h. The broth 
was then incubated at 37 °C in either aerobic static, aerobic with agitation or anaerobic 
conditions for 24 h. 
 
2.2.3 To test the effect of carbohydrate source, a colony of L. plantarum B21 working culture 
was grown in broth medium (following MRS formulation and conditions in 2.2.2 but without 
glucose), containing different sugars. Experiments were set up in triplicate with 20 g/L of 
either glucose, fructose, sucrose, lactose or maltose included in the broth medium. Broth 
without any carbohydrate was used as a control. 
 
2.2.4 To test the effect of nitrogen source, a colony of L. plantarum B21 working culture was 
grown in broth medium (following MRS formulation in 2.2.2 but without glucose added), 
containing different nitrogen sources. These were either (A) 10 g/L proteose peptone no. 3 
(Thermo Fisher) plus 10 g/L beef extract (Thermo Fisher) and 5 g/L yeast extract (Sigma 
Aldrich), or (B) 25 g/L proteose peptone no. 3 (Oxoid), or (C) 25 g/L beef extract (Thermo 
Fisher), or (D) 25 g/L yeast extract added into the broth medium. Broth without any nitrogen 
source added was used as a control. Experiments were set up and carried out in triplicate. 
 
2.2.5 To test the effect of surfactant, a colony of L. plantarum B21 working culture was 
grown in a broth medium containing different Tween. 1 mL/L of either Tween 20 (Sigma 
Aldrich) or Tween 40 (Sigma Aldrich) or Tween 80 (Melbourne Food Depot) were added 
into the broth medium. Broth without any Tween added was used as a control. 
 
2.3 Bacteria growth (CFU/mL) measurement 
 
Cell plates were incubated at 37 °C for 24 to 48 h. The number of colony forming units per 
millilitre (CFU/mL) was determined by the plate count method (Breed & Dotterrer, 1916) on 
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MRS agar (Oxoid). This number was used as a measure of L. plantarum B21 growth under 
different culture and medium conditions. 
 
2.4 Bacteriocin activity (AU/mL) measurement by well diffusion assay 
 
2.4.1 Preparation of cell free supernatant (CFS) 
The well diffusion assay (modified from Tagg and McGiven (1971)) was used for evaluating 
bacteriocin activity. Briefly, a 24-h culture of L. plantarum B21 was centrifuged (Eppendorf 
5810R, Hamburg, Germany) at 8,000 x g for 10 min. The supernatant was boiled for 5 min to 
eliminate all the viable cells and drive off volatile compounds including CO2 and H2O2. The 
supernatant was then adjusted to pH 5.5 - 6.0 using sterile 5 mol/L NaOH (Merck) to 
eliminate the effects of acid where applicable. 
 
2.4.2 Well diffusion assay 
L. plantarum A6 was used as an indicator strain for studying bacteriocin activity. For the well 
diffusion assay the 24-h culture of indicator strain grown in MRS broth was mixed with MRS 
semisolid agar (0.8% w/v) to a final concentration of 10
6
-10
7 CFU/mL before being poured 
into a petri dish. After solidification, wells of 8 mm were made in the gel. A 100 μL aliquot of 
the cell free supernatant (CFS) (2.4.1) or concentrated crude bacteriocin (2.5.1) was added to 
each well and the system was left at room temperature in a fume hood until the supernatant 
dried off. The plates were then incubated at 37 °C and examined after 18 - 24 h for zone of 
inhibition of the indicator bacteria.  
 
For the quantitative bacteriocin activity assay, serial dilutions of the CFS or concentrated 
bacteriocin were prepared using sterile milliQ H2O. The antimicrobial activity was expressed 
as arbitrary units (AU/mL) as described by Todorov et al. (2008), calculated as a
b
 × 100, 
which “a” is the dilution factor and “b” as the last dilution showing any inhibition zone. The 
bacteriocin activity was expressed per mL by multiplication by 100. One AU is described as 
the reciprocal of the highest dilution producing a clear zone of growth inhibition. If the 4
th
 
dilution is the last showing the inhibition zone, then the calculation of the antimicrobial 
activity will be as followed; “a” (dilution factor) = 2; “b” (last dilution showing inhibition) = 
4, antimicrobial activity = 2
4
 x 100 = 1,600 (AU/mL). 
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2.5 Crude bacteriocin analysis 
 
2.5.1 Crude extract 
A crude extract of L. plantarum B21 bacteriocin was prepared using a slightly modified 
version of the method of ten Brink, Minekus, van der Vossen, Leer, and Huis in't Veld 
(1994). In brief, L. plantarum B21 was grown in 150 mL MRS broth, with and without the 
inclusion of glucose, incubated at 37 ºC for 24 h; CFS was collected after centrifugation at 
8,000 x g for 15 min. The CFS was mixed thoroughly with the same volume (150 mL) of n-
butanol (Sigma Aldrich). The mixture was centrifuged at 8,000 x g, 4 ºC for 1 h. The upper 
layer of butanol extract was collected and evaporated to dryness using TurboVap® LV 
evaporator (Biotage, Rydalmere, New South Wales, Australia). The collected substrate of 
each layer was reconstituted in 10 mL of 0.01 M phosphate buffer saline (PBS), pH 7.4 
(Thermo Fisher). The substrate was then dialyzed in PBS using 1,000 Da cut-off, 1K 
cellulosic ester membrane (Spectrum Laboratories, NC, USA) at 4 ºC for 36 h with four 
buffer changes to drive off organic compounds. The collected extract from each layer was 
concentrated to 5 mL using 1,000 Da cut-off, 1K Microsep
TM
 centrifugal devices (PALL 
Corporation, Cheltenham, Victoria, Australia). 
 
2.5.2 BCA protein assay 
The concentrated crude extract prepared in 2.5.1 was measured using Pierce
TM
 BCA Protein 
Assay Kit (Thermo Fisher) according to the manufacturer's instruction. In summary, 25 µL of 
each standard or the test sample was transferred into a 96 well microplate (Thermo Fisher) 
and mixed for 30 s with 200 µL of the working solution. The plate was covered and 
incubated at 37 ºC for 30 min before being examined for the absorbance at 562 nm on a 
UV/Vis SPECTROstar Nano plate reader (BMG Labtech, Mornington, Victoria, Australia). 
The protein concentrations were determined with reference to a standard curve of bovine 
serum albumin (BSA). 
 
2.5.3 Bacteriocin detection by MALDI-TOF 
Samples of 5 µL were mixed with the same volume of matrix solution and 1 µL of the mix 
was spotted onto the target, air dried and measured using matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). The spectra were 
recorded using an Autoflex Speed MALDI-TOF instrument (Bruker, Bremen, Germany), 
containing a 355-nm Smartbeam II laser for desorption and ionization. 
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2.6 Morphological analysis  
 
2.6.1 Preparation of indicator bacteria 
To evaluate the bactericidal effect of the bacteriocin B21, morphological analysis of the 
indicator target bacteria was carried out. L. plantarum A6 and L. monocytogenes 192/1-2 
ACM3173 were grown in respective growth media for 10 h at 37 ºC, and then treated with 
concentrated bacteriocin sample (12,800 AU/mL, ~ 5 mg/mL, Table 3) from 2.5 for 12 h at 
37 ºC. Untreated cells were used as controls. 
 
2.6.2 Scanning electron microscopy 
Bacterial cells from 2.6.1 were washed with 0.1 mol/L cacodylate buffer (ProSciTech, 
Queensland, Australia) and fixed at room temperature with 2% paraformaldehyde 
(ProSciTech) and 2.5% glutaraldehyde (ProSciTech) in 0.1 mol/L cacodylate buffer, pH 7.4. 
Following fixation, the samples were rinsed three times in cacodylate buffer for 5 min each. 
The samples were transferred onto a coverslip which was already coated with poly-L-lysine 
solution 0.1 % (w/v) in H2O (Sigma Aldrich) and then left for 1 h to dry. The samples were 
post-fixed with 1% osmium tetroxide solution (Sigma Aldrich) for 30 min and then rinsed 
three times with milliQ H2O. Samples were dehydrated in increasing ethanol gradations from 
10% to 90%, for 10 min each, and 100% ethanol for 30 min twice. The samples were then left 
in the fridge overnight. The following day, dry samples were coated with gold using an SPI 
sputter coating unit (SPI Supplies, West Chester, USA) and imaged in FEI Verios 460L 
Scanning Electron Microscope (SEM) (Thermo Fisher, Oregon, USA). 
 
2.6.3 Transmission electron microscopy 
Bacterial pellets from 2.8.1 were washed with 0.1 M cacodylate buffer and fixed in a mix of 
2% paraformaldehyde (ProSciTech), and 2.5% glutarldehyde (ProSciTech) in 0.1 mol/L 
cacodylate buffer for 2 h. After fixation, the samples were rinsed three times in 0.1mol/L 
cacodylate buffer. The samples were then post-fixed in 1% osmium tetroxide (ProSciTech) in 
distilled water at room temperature for 1.5 h. After fixation, the samples were washed three 
times in distilled water for 10 min. Following this, enbloc staining with uranyl acetate was 
undertaken (Tapia et al., 2012). The samples were dehydrated in a graded series of ethanol 
from 10% to 100% for 10 min followed by dehydration in absolute acetone for 30 min. After 
extensive dehydration, the samples were permeated with a 1:1 ratio of acetone and Spurr's 
resin (Spurr, 1969), overnight. For the final steps, the samples were soaked in fresh Spurr's 
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resin twice for 2 h each followed by polymerization at 70 °C overnight. Ultra-thin sections of 
the cell pellet were cut, post-stained and imaged under a JEOL 1010 Transmission Electron 
Microscope (TEM) (JEOL, Massachusetts, USA). 
 
2.7 Statistical analysis 
 
Statistical analysis was performed using a one-way ANOVA verified with Tukey’s post hoc 
tests. A p-value of < 0.05 was considered statistically significant with appropriate 
consideration given to samples at the border of this value. All statistical analyses were 
performed using GraphPad Prism7 (GraphPad, California, USA). Unless otherwise stated, all 
results were presented as mean ± standard deviation from three independent experiments. 
 
3. Results and Discussion 
 
3.1 The effect of temperature, aeration and different types of nutrient source on growth and 
bacteriocin activity 
 
In the present study of L. plantarum B21, 37 ºC was found to be the optimum temperature for 
growth while 30 ºC and 37 ºC were better for bacteriocin activity (Table 1). Bacterial growth 
and bacteriocin activity are known to be influenced by temperature and aeration conditions. 
Optimal bacteriocin production and growth were observed when L. curvatus Arla-10, 
Enterococcus faecium JFR-1, L. paracasei subsp. paracasei JFR-5 and Streptococcus 
thermophilus TSB-8 are grown at 37 ºC in MRS medium (Yang et al., 2018). However, 
Mataragas, Metaxopoulos, Galiotou, and Drosinos (2003) reported the optimum temperature 
for Leuconostoc mesenteroides L124 and L. curvatus L442 was 30 ºC for growth and 25 °C 
for bacteriocin production.  
 
The yield of biomass was found to be not significantly affected by the presence of oxygen in 
L. plantarum C17 (Zotta, Guidone, Ianniello, Parente, & Ricciardi, 2013). For L. plantarum 
B21, growth at the aerobic, static condition gave the highest yield of CFU/mL at 4.66 x 10
9
 
compared to growth at either anaerobic or aerobic with shaking (Table 1). Aerobic with 
shaking condition was also shown to be the least ideal compared to the other two conditions 
for bacteriocin activity. Variation in preferences of growth conditions, by LAB demonstrates 
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their fastidious nature with unique requirements for growth and bacteriocin production in 
each strain.  
 
Table 1. The effect of temperature and aeration conditions on L. plantarum B21 pH, growth 
(CFU/mL) and bacteriocin activity (AU/mL) using L. plantarum A6 as the indicator bacteria. 
Each data represents the mean, ± standard deviation from 3 independent experiments. 
 
Conditions pH Final  
10
9
 CFU/mL 
Bacteriocin 
activity (AU/mL) 
 
Temperature 
25 ºC 4.67 ± 0.07 2.07 ± 0.45 200 
30 ºC 4.09 ± 0.09 3.40 ± 0.29 800 
37 ºC  3.60 ± 0.08 4.66 ± 0.11 800 
42 ºC 4.10 ± 0.06 2.07 ± 0.25 400 
    
Aeration (at 37 ºC) 
Aerobic  3.60 ± 0.08 4.66 ± 0.11 800 
Aerobic with shaking 3.95 ± 0.04 3.67 ± 0.25 400 
Anaerobic 3.83 ± 0.02 3.83 ± 0.12 800 
 
 
 
M17 and MRS media are the two most common culture media for the cultivation of LAB. L. 
plantarum B21 demonstrated a clear preference for MRS media instead of M17 (Table 2). 
Similar to our finding, L. plantarum LR/14 was shown to exhibit optimum growth and 
bacteriocin production observed at 37 ºC in MRS medium (Tiwari & Srivastava, 2008). L. 
plantarum ST23LD, ST194BZ and AMA-K demonstrated high growth when cultured in both 
M17 and MRS media but bacteriocin activity was significantly lowered when grown in M17 
compared to MRS (Todorov, 2008; Todorov & Dicks, 2005, 2006a; Todorov & Dicks, 
2006b). 
 
A number of nitrogen sources have been used to grow LAB. These include beef extract, yeast 
extract, liver extracts, peptone of animal or plant origin, tryptone and whey protein 
hydrolysates (Aguirre, Garro, & Savoy de Giori, 2008; Hébert, Raya, & de Giori, 2004; Yu, 
Lei, Ren, Pei, & Feng, 2008). Beef extract, yeast extract, and peptone are usually the most 
convenient for normal growth of LAB (Vazquez, Gonzalez, & Murado, 2004). Nonetheless, 
replacing a particular nitrogen source might have significant impact on LAB growth and 
metabolism. For instance, replacing half of the yeast extract with either beef extract or malt 
extract resulted in reduction in growth and bacteriocin production in L. sakei CCUG 42687 
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(Aasen, Moretro, Katla, Axelsson, & Storro, 2000). Replacing tryptone with peptone or 
soytone enhanced growth and bacteriocin production in L. sakei G20 and R04 (Lechiancole, 
Ricciardi, & Parente, 2002).  
 
For L. plantarum B21, no significant change in growth occurred when proteose peptone 3, 
beef extract and yeast extract were used together in combination or used individually as the 
sole source of nitrogen, but significant reduction in bacteriocin activity (400 AU/mL) was 
shown when yeast extract was used as the sole nitrogen source (Table 2). Complete absence 
of nitrogen sources from the broth media resulted in a significant reduction in growth by 10-
fold and loss of bacteriocin activity in L. plantarum B21 (Table 2). This reveals that the 
correct nitrogen source is an absolute requirement for bacteriocin production in L. plantarum 
B21. 
 
Sugars are known as the main source of carbon and energy in bacteria and so form essential 
components in culture media for normal growth and functional characteristics in LAB 
(O'Donnell, Forde, Neville, Ross, & O'Toole, 2011; Von Wright & Axelsson, 2011). LAB 
strains have however, demonstrated varied preferences of sugars. L. fermentum Ogi E1 
prefers maltose rather than starch, glucose or melibiose (Calderon, Loiseau, & Guyot, 2001). 
L. plantarum B21 seems to significantly (p < 0.05) prefer glucose, maltose and sucrose for 
growth, compared to lactose and fructose (Table 2). Higher bacteriocin activity was observed 
when glucose, maltose or lactose was added. Addition of glucose at a concentration of 10 to 
30 g/L demonstrated highest bacteriocin activity of 800 AU/mL, whereas addition of 5 and 
40 g/L glucose decreased the bacteriocin activity by 2-fold (Table 2). Interestingly, in the 
absence of sugar, L. plantarum B21 could still produce bacteriocin at 400 AU/mL, which 
indicates that sugar is not an absolute requirement for bacteriocin production in this strain of 
LAB.  
 
Tweens, or polysorbates, are considered as essential emulsifiers or surfactants for use in 
pharmaceutical and food preparation and tween has been reported as essential for LAB 
growth (Jenkins & Courtney, 2003; Li et al., 2011). Tween has been argued to be both a 
source of fatty acids and work as a surfactant to assist discharging bacteriocin from the cell 
wall of bacteria, or even help in incorporation of bacteriocin into the wall of target bacteria 
(Huot, Barrena-Gonzalez, & Petitdemange, 1996; Todorov & Dicks, 2005). 
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In this study, it was found that the incorporation of Tween 20, Tween 40 or Tween 80 
significantly (p < 0.05) improves growth (Table 2). Moreover, the addition of Tween seems 
to have a significant effect on bacteriocin activity with Tween 80 being the most preferred for 
L. plantarum B21 (Table 2). The addition of Tween 80 at higher concentration of 1.5 and 2.0 
mL/L does not significantly (p > 0.05) improve growth compared to adding 1.0 mL/L and 
addition of 2.0 mL/L of Tween 80 decreased bacteriocin activity in L. plantarum B21.  
 
Other LAB species have varied preferences for Tween. The addition of Tween 20 in the 
growth media resulted in double the amount of bacteriocin production in L. sakei 2a, but this 
was not observed with other types of Tween (Malheiros, Sant'Anna, Todorov, & Franco, 
2015). L. plantarum ST194BZ demonstrated improvement in bacteriocin activity by more 
than 50% with the inclusion of Tween 80 (Todorov & Dicks, 2006b). Removal of Tween 80 
from MRS broth did not affect bacteriocin production in L. sakei ST22Ch, though it was 
shown to be important for L. sakei ST153Ch and L. sakei ST154Ch (Todorov, Vaz-Velho, de 
Melo Franco, & Holzapfel, 2013). Variation in LAB strains' growth and bacteriocin activity 
in response to Tween demonstrate it is an important consideration in growing these species 
successfully. 
 
3.2 Elucidating bacteriocin production when stressed and understanding bacteriocin 
bioactivity 
 
Bacteriocin could be applied, either in a purified or in a crude form, as an ingredient in food 
processing for improved safety and/or sensory quality (Zacharof & Lovitt, 2012). A deeper 
investigation of the bacteriocin produced by L. plantarum B21 was undertaken by preparing 
the crude bacteriocin extract via dialysis as described in 2.5.1. MALDI-TOF analysis 
revealed that the crude bacteriocin extract obtained from L. plantarum B21 was 5,666 Da in 
size (Figure 1), which is in agreement with Golneshin et al. (2016b) who also predicted that 
this bacteriocin was cyclic in shape.  
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Table 2. The effect of nutrients (different growth media, nitrogen, sugar, and Tween) on L. 
plantarum B21 pH, growth (CFU/mL) and bacteriocin activity (AU/mL). L. plantarum A6 
was used as the indicator bacteria. Each data point represents the mean ± standard deviation 
from 3 independent experiments. 
 
Nutrient source Conc. pH Growth 
(10
7
 CFU/mL) 
Bacteriocin activity 
(AU/mL) 
 
Growth media 
M17  6.73 ± 0.16 2.34 ± 0.17 0 
MRS   3.60 ± 0.08 466.33 ± 10.66 800 
 
Nitrogen  
None 0 6.09 ± 0.06 58.00 ± 2.16 0 
Proteose peptone 3 25 g/L 3.40 ± 0.01 424.33 ± 4.19 800 
Beef extract 25 g/L 3.54 ± 0.04 461.57 ± 8.50 800 
Yeast extract 25 g/L 3.58 ± 0.01 449.33 ± 34.89 400 
Proteose peptone 3 + 
beef extract + 
yeast extract  
10 g/L + 
10 g/L + 
5 g/L 
3.60 ± 0.08 466.33 ± 10.66 800 
 
 
 
Sugar 
None 0 6.62 ± 0.01 22.70 ± 2.20 400 
Fructose 20 g/L 3.40 ± 0.04 371.67 ± 14.34 400 
Sucrose 20 g/L 3.46 ± 0.04 474.33 ± 7.41 400 
Lactose 20 g/L 3.63 ± 0.02 392.00 ± 29.71 800 
Maltose 20 g/L 3.47 ± 0.02 483.67 ± 1.25 800 
Glucose  20 g/L 3.60 ± 0.08 466.33 ± 10.66 800 
Glucose 5 g/L 4.98 ± 0.04 196.67 ± 6.18 400 
Glucose 10 g/L 3.37 ± 0.02 319.33 ± 16.36 800 
Glucose 30 g/L 3.77 ± 0.02 455.67 ± 5.44 800 
Glucose 40 g/L 3.76 ± 0.02 466.67 ± 8.06 400 
 
Tween  
None 0 3.90 ± 0.02 290.00 ± 57.16 0 
Tween 20 1 mL/L 3.44 ± 0.02 437.33 ± 16.36 400 
Tween 40 1 mL/L 3.54 ± 0.03 450.67 ± 8.22 400 
Tween 80  1 mL/L 3.60 ± 0.08 466.33 ± 10.66 800 
Tween 80 0.5 mL/L 3.44 ± 0.06 375 ± 8.04 800 
Tween 80 1.5 mL/L 3.41 ± 0.02 460.33 ± 14.70 800 
Tween 80 2.0 mL/L 3.45 ± 0.02 466.33 ± 2.62 400 
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Figure 1. Representative MALDI-TOF spectra of L. plantarum B21 bacteriocin. The size of 
the bacteriocin was shown to be 5,666 Da.  
 
The bacteriocin activity of L. plantarum B21 grown in MRS broth was 16 times higher (from 
800 AU/mL to 12,800 AU/mL after dialysis) whereas in the absence of glucose, bacteriocin 
activity increased 8 times from 400 AU/mL into 3,200 AU/ mL (Table 3). The concentration 
of the protein found in the CFS was 9.17 ± 1.06 mg/mL and 3.04 ± 0.86 mg/mL in the 
presence and absence of glucose respectively. After dialysis, 4.99 ± 0.57 mg/mL (with 
glucose) and 2.95 ± 0.24 mg/mL (no glucose) of protein were found. In addition, the specific 
activity was found to be 88.35 ± 9.92 AU/mg and 2,599.33 ± 284.43 AU/mg before and after 
dialysis respectively, with a 29-fold increase after purification, when glucose was included, 
whereas the specific activity was found to be 144.44 ± 46.31 AU/mg and 1,092.63 ± 83.02 
AU/mg before and after dialysis with a 8-fold purification when glucose was excluded (Table 
3). 
 
Significantly higher growth (~20 fold higher) of 466.33 x 10
7
 CFU/mL was observed when 
glucose was present, compared to 22.70 x 10
7
 CFU/mL when glucose was absent. This could 
indicate higher bacteriocin activity and protein concentration (Tables 2 and 3) with glucose in 
the media. Taking this into account, the bacteriocin activity and the amount of protein per 
viable count was measured with and without glucose in the media. The data showed that the 
bacteriocin activity and the amount of protein produced per 10
7
 CFU were found to be 1.72 ± 
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0.04 AU and 19.65 ± 1.96 µg (with glucose), compared to 17.79 ± 1.74 AU and 136.86 ± 
47.74 µg (with no glucose) (see Table 3). Thus, 10 times higher bacteriocin activity and 7 
times higher amount of protein were found when glucose was absent, in the CFS before 
dialysis. After dialysis, 27.46 ± 0.63 AU and 10.68 ± 1.04 µg (with glucose), and 142.32 ± 
13.92 AU and 132.00 ± 23.41 µg (no glucose) were demonstrated (Table 3). Hence, a 5 times 
higher bacteriocin activity and 12 times greater amount of protein were found after dialysis 
when glucose was absent from the crude extract. 
 
In the presence of a major carbohydrate source, bacteria utilize a high amount of energy for 
high growth. LAB in particular undergoes fermentation in the presence of sugar and 
predominantly produces lactic acid as the end product (Behera, Ray, & Zdolec, 2018). It was 
also found here that bacteriocin production is not dependent on growth or biomass formation. 
Suboptimal growth conditions may favour higher bacteriocin production as the LAB seek to 
reduce completion for limited resources (Delgado et al., 2007). Furthermore it was shown 
that a reasonably high level of bacteriocin was produced from cells grown without glucose 
despite a 20-fold lower final CFU/mL (Table 2 & 3). One possible reason is the difference in 
pH following growth in media without glucose (as reflected by the high pH of 6.6) compared 
to growth in media with glucose (as reflected by the low pH of 3.6), shown in Table 2. 
Bacteriocins are typically positively charged and can stick to negatively charged cell 
envelopes at lower pH values. When the pH is higher they can become uncharged or 
negatively charged depending upon their isoelectric point, and consequently bacteriocins fall 
off from cells. This is the case with nisin and several other compounds in the class, and there 
are methods using varying pH buffers to stick or release them from host cells during 
purification (Yang, Johnson, & Ray, 1992). 
 
 
We have previously shown that when sugar was absent in the growth media, L. plantarum 
B21, turned coccoid in shape and had a greater stability with retained functional bacteriocin 
activity after spray drying and during storage at ambient temperatures (Parlindungan, 
Dekiwadia, May, & Jones, 2019; Parlindungan, Dekiwadia, Tran, Jones, & May, 2018). 
Without sugar, this strain could survive, adapt, becoming more structurally robust and even 
could still produce bacteriocin, compared to the control unstressed counterpart. In this 
situation the available energy within cells is utilized for protein and biomolecule synthesis 
rather than for generation of cell biomass. Proteins are used as a source of energy and 
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degraded to generate peptides and amino acids for survival (Thomas & Batt, 1968, 1969). 
The presence of sugar has been associated with stimulation of reactive oxygen species (ROS) 
production (Sarre, Gabrielli, Vial, Leverve, & Assimacopoulos-Jeannet, 2012), which could 
diminish cell’s ability to tolerate stress. This could be the reason why sugar-starved L. 
plantarum B21 could withstand stress better, while retaining the ability to produce 
bacteriocin. 
 
The bactericidal effect of crude cyclic bacteriocin produced by L. plantarum B21 was 
investigated using the SEM and TEM. The results are shown in figure 2. Treatment of test 
strains with bacteriocin produced by L. plantarum B21 resulted in obvious alterations in 
surface morphology as demonstrated through rough or wrinkled membranes and blebbing or 
formation of round vesicles (yellow arrow), rupture or lysed cells (blue arrow), and 
accumulated electron-dense material in the periplasmic space (red arrow) in L. plantarum A6, 
compared to controls (which had smoother surface and intact peptidoglycan and cytoplasmic 
membranes with a rod-shaped morphology, Fig. 2 A-B, i-ii).  
 
Figure 2. Representative SEM and TEM micrographs of L. plantarum A6 (A, B and i, ii) and 
L. monocytogenes 192/1-2 ACM3173 (C, D and iii, iv). A, C, i and iii are untreated control 
whereas B, D, ii and iv were treated with concentrated bacteriocin (of 12,800 AU/mL).  
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Table 3. Antimicrobial activity of bacteriocin produced by L. plantarum B21, before (cell free supernatant - CFS) and after (crude extract) 
dialysis, grown in MRS with inclusion and exclusion of glucose. The data represents the average value of the mean ± standard deviation from 
three independent experiments. 
 
Sample Volume 
(mL) 
Activity 
a
 
(AU/mL) 
Total 
activity 
b
 
(AU) 
Growth 
c
  
(10
7
 
CFU/mL) 
Activity 
d
 
(AU) 
per 10
7
 CFU 
Protein 
e
 
(mg/mL) 
Specific activity 
f
 
(AU/mg protein) 
Protein 
g
  
(µg) 
per 10
7
 CFU 
Purification 
fold 
h
 
 
MRS 
with 
glucose 
 
(CFS) 
 
150 
 
800 
 
120,000 
 
 
466.33 ± 
10.66 
 
1.72 ± 0.04 
 
 
9.17 ± 1.06 
 
 
88.35 ± 9.92 
 
 
19.65 ± 1.96 
 
1 
(crude 
extract) 
 
5 12,800 64,000 
 
 27.46 ± 0.63 4.99 ± 0.57 
 
2,599.33 ± 284.43 
 
10.68 ± 1.04 29 
 
MRS no 
glucose 
 
(CFS) 
 
150 
 
400 
 
60,000 
 
 
22.70 ± 2.20 
 
17.79 ± 1.74 
 
3.04 ± 0.86 
 
 
144.44 ± 46.31 
 
 
136.86 ± 47.74 
 
1 
(crude 
extract) 
5 3,200 16,000 
 
 142.32 ± 13.92 2.95 ± 0.24 1,092.63 ± 83.02 132.00 ± 23.41 8 
           
a
 Bacteriocin activity was measured using the well diffusion assay, as described in  section 2.4.2. 
b
 Total activity was determined by multiplying 
the volume and the activity. 
c
 Value for growth was obtained from Table 2. 
d
 Activity per 10
7
 CFU was measured by dividing activity with 
growth. 
e
 The BCA protein assay was used to measure protein concentration, as described in section 2.5.2. 
f
 Specific activity is the activity units 
divided by protein concentration. 
g
 The amount of protein per 10
7
 CFU was obtained by dividing the concentration of protein with growth.          
h
 Purification fold was calculated based on specific activity. 
Chapter 4 
91 
 
In L. monocytogenes 192/1-2 ACM3173, after exposed to L. plantarum B21 bacteriocin, 
irregular wrinkles were seen on the cell surfaces and obvious collapse or deep craters (green 
arrow) and electron-dense protrusions (red dashed line) were observed in treated cells, but 
such observations were not seen in control cells which displayed smooth surface morphology 
with rigid cell membrane (Fig 2 C-D, iii-iv). Cyclic bacteriocins are commonly believed to 
have the ability to directly interact with target microorganisms resulting in the disruption of 
the integrity of cell membrane, leakage of ions, dissipation of membrane potential and 
eventually cell death (Cebrian et al., 2015; van Belkum, Martin-Visscher, & Vederas, 2011). 
Nevertheless, a complete understanding of the mode of action circular bacteriocin produced 
by L. plantarum B21 still requires further experimentation and may not be complete until the 
full structure is solved. 
 
3.3 Significance for food and industrial application 
 
Food is often also lost during processing because of spoilage on the production line (FAO, 
2018). Chemical preservatives are effective but have negative publicity. Thus, there is an 
increasing demand for a natural biopreservative that is safe and does not negatively affect the 
organoleptic properties of food. Bacteriocins are a promising candidate, as they are known to 
be colourless, odourless and tasteless but they are not all equally effective or stable. The L. 
plantarum B21 bacteriocin (plantacyclin B21AG) is cyclic, pH and temperature stable and 
not dependent on the presence of sugar to be synthesised by the bacteria. Moreover, 
bacteriocins produced by LAB are recognized as safe and food-grade due to the association 
of LAB with food fermentation, which dates back many centuries. Developing plantacyclin 
B21AG as a commercial antimicrobial agent could contribute to reducing food spoilage 
(thereby improving food safety) and reducing food waste. With the FDA’s zero tolerance 
towards Listeria contamination in food (Archer, 2018), plantacyclin B21AG ,which has been 
known to be effective against Listeria and even Clostridia (Golneshin et al., 2016b) is of high 
interest to be further developed for industrial and food applications. Cyclic bacteriocins are 
proposed to have greater structural stability, higher stress resistance to heat and proteolytic 
digestion compared to the linear ones (Conlan, Gillon, Craik, & Anderson, 2010; Craik, 
Mylne, & Daly, 2010). Due to these promising properties, cyclic bacteriocins have been 
considered for future applications. 
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4. Conclusion 
 
In summary, 37 ºC and aerobic static conditions were the most preferred by L. plantarum B21 
for both high growth and bacteriocin activity. L. plantarum B21 prefers glucose as the main 
sugar source, and a combination of yeast extract, proteose peptone 3 and beef extract as the 
main nitrogen source. Tween 80 is preferred over other Tweens for high bacteriocin activity. 
Sugar was not an absolute requirement for plantacyclin B21AG production whereas a source 
of nitrogen was. The absence of glucose leads to higher bacteriocin activity and a higher 
amount of compound per CFU viable count. Electron microscopy revealed changes in cell 
membrane integrity and morphology in the target microorganisms after exposure to 
bacteriocin but the mode of action of plantacyclin B21AG was not fully determined. This 
study provides insight on important factors and conditions preferred by L. plantarum B21, 
which could be used as part of the development of natural biopreservative for future food and 
even medical applications, which could aid in reducing global food waste caused by spoilage 
in a long term. 
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8. Overall discussion, conclusion and future direction 
The purpose of this chapter is to summarise and discuss the results obtained in this 
project, draw final conclusions and make recommendations for further research that would 
extend and develop the results presented in this thesis. 
8.1 Summary of results, discussion and conclusion 
Initially in Chapter 4, a series of different source of nutrients and conditions were 
screened to investigate L. plantarum B21 growth and bacteriocin production, since it was 
known that different strains of LAB have specific preferences towards certain nutrients and 
growth conditions. Viable cell count (CFU/mL) and well diffusion assays (AU/mL) were 
conducted to assess this work. It was found that 37 ºC and aerobic static conditions were the 
preferred conditions in L. plantarum B21 for both high growth and bacteriocin activity. L. 
plantarum B21 also preferred glucose as the main carbohydrate source, and a combination of 
yeast extract, proteose peptone 3 and beef extract as the main nitrogen source. Tween 80 was 
preferred over other Tweens for high bacteriocin production. The presence of sugar was not 
an absolute requirement for bacteriocin production in L. plantarum B21, whereas a source of 
nitrogen was. The absence of glucose led to higher bacteriocin activity and a higher amount 
of protein concentration per CFU viable count. Electron microscopy observations revealed 
changes in cell membrane integrity and morphology in the target microorganisms (L. 
plantarum A6 and L. monocytogenes 192/1-2 ACM3173) after exposure to bacteriocin. This 
study provides insight on important factors and conditions preferred by L. plantarum B21. It 
was concluded that glucose is essential for growth and Tween 80 is essential for bacteriocin 
production in this strain of interest. 
In Chapter 5, the SEM and TEM analysis were performed to assess changes in L. 
plantarum B21 morphology and ultrastructure if either one or two important nutrients 
(glucose and/or Tween 80) were excluded from the growth media. It was found that in the 
absence of glucose, the length-to-diameter ratio of the bacterial cells was significantly lower 
of 1.49 ± 0.13, compared to the unstressed control of 2.94 ± 0.57. The morphology of the 
glucose stressed cells were coccoid-like with distorted cell membranes and electron dense, 
fibre like protrusions but with intact peptidoglycan walls. The unstressed cells exhibited a 
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normal rod shaped morphology with well-defined cytoplasmic contents of equal distribution 
of nuclear material and an intact cell-wall. When entering the coccoid-like form it is thought 
that the integrity of the bacterial cell membrane is maintained to preserve its internal 
structures from external surroundings, its genetic material is kept intact and while a low rate 
of metabolic activity is maintained it is sufficient enough to promote uptake of nutrients when 
suitable substrates are available again in the environment (Chiu, Chen, & Wong, 2008; 
Colwell, 2000). The absence of Tween 80 resulted in significantly higher length-to-diameter 
ratio of 5.22 ± 2.36, compared to unstressed control of 2.94 ± 0.57. The Tween 80 stressed 
cells exhibited elongated, filamentous cell shape, with a slightly ruffled cell membrane 
surface. Filamentation has also been described as a more general survival strategy for bacteria 
rather than a permanent mutation (Justice, Hunstad, Seed, & Hultgren, 2006; Stackhouse, 
Faith, Kaspar, Czuprynski, & Wong, 2012). It is also claimed to be caused by inhibition of 
cell division and promotion of cell elongation with acquired resistance to heat, oxidative 
stress and changes in alkalinity (Wortinger, Quardokus, & Brun, 1998). Alteration in 
morphology due to nutrient stress is generally known as bacteria’s survival, adaptive 
response strategy to tolerate changes in the environment. 
In Chapter 6, the coccoid-shaped (glucose stressed) L. plantarum B21 and the 
filamentous-shaped (Tween 80 stressed) L. plantarum B21 were microencapsulated with 10% 
(w/w) WPI and spray dried, and stored at different temperature conditions (4 ºC, 22 ºC and 30 
ºC) for a period of 8 weeks. Each week, the survivability (CFU/g) and bacteriocin activity) 
were assessed using the well diffusion assay (AU/mL. After spray drying at week 0, it was 
found that the survivability of the glucose stressed L. plantarum B21 was of 81.90 ± 13.60 %, 
not significantly (p > 0.05) differed compared to the unstressed control which was 84.13 ± 
5.70 %. Nonetheless, the Tween 80 stressed had significantly (p < 0.01) lower survival of 
13.83 ± 2.50 % compared to the unstressed control. At 4 ºC storage, significantly lower (p < 
0.001) survival was observed in unstressed (20.68 ± 2.00 %) and Tween 80 stressed (12.22 ± 
2.42 %) cells, compared to glucose stressed (30.60 ± 0.54 %) cells by week 8. The stressed 
and unstressed cells still retained functional inhibitory capacity to produce bacteriocin 
throughout 8 weeks. It is generally accepted that temperature is inversely related to bacteria 
survival during storage, and that storage temperatures of 4 °C and lower are needed to 
maintain the stability of bacterial cells over time (Lapsiri, Bhandari, & Wanchaitanawong, 
2012; Soukoulis, Behboudi-Jobbehdar, Yonekura, Parmenter, & Fisk, 2014). The percentage 
survival of glucose stressed cells was significantly higher compared to the unstressed control 
Chapter 8 
131 
 
and Tween 80 stressed cells starting from week 2 up to week 8 storage at 22 °C and 30 °C. 
Furthermore, loss of bacteriocin activity after week 7 at 22 ºC and after week 5 at 30 ºC 
storage was observed in both Tween 80 stressed cells and unstressed control (due to these 
cells dying and hence unable to grow again), but bacteriocin activity of the glucose stressed 
cells were maintained throughout 8 weeks at different temperatures.  
The enhanced survival of the cells grown without glucose (or without glucose and 
Tween) could be due to much higher pH due to less lactic acid being produced during growth 
prior to spray drying. As shown in Chapter 5, the final pH following growth in glucose media 
was around 4, compared to that above 6 in media without glucose. The main reason for 
growth cessation of LAB in normal media is due to acidification. Predominant end-product of 
lactic acid is claimed to inhibit growth in L. plantarum due to decreased NAD
+
 regeneration 
and/or pyruvate accumulation (Pieterse, Leer, Schuren, & van der Werf, 2005). Presence of 
organic acids could therefore triggers significant stress for the bacteria cells, and thus could 
affect the bacteria cell survival. 
Finally, in Chapter 7, metabolomics based analysis using NMR and GC-MS, coupled 
with multivariate analysis were conducted to understand the cellular mechanisms and 
metabolic profiles of the glucose stressed, Tween 80 stressed and unstressed control L. 
plantarum B21. This is the first metabolomics based nutrient stress study conducted in LAB 
strain. It was found that the stressed and unstressed L. plantarum B21 had very different 
metabolic profiles.
 
 High level of organic acids such as lactic acid, acetic acid, 2-butenedioic 
acid, malic acid, and propanoic acid were detected in unstressed control and Tween 80 
stressed L. plantarum B21. In contrast, different types of amino acids including alanine, 
glutamic acid, aspartic acid, valine, proline and norleucine were the major compounds 
detected in glucose stressed L. plantarum B21. These amino acids could be potential 
biomarkers for high survivability and robustness in glucose stressed L. plantarum B21. When 
LAB is grown in the absence of glucose, metabolic changes and adaptations to stress occur. 
The available energy within cells is utilised for protein and biomolecule synthesis rather than 
for generation of cell biomass. Proteins are used as a source of energy and degraded to 
generate peptides and amino acids for survival (Thomas & Batt, 1968, 1969). It has been 
reported that aminopeptidases cause protein turnover and new protein synthesis at transitional 
states during sugar stress conditions (Gottesman & Maurizi, 1992). This would explain the 
fact that a number of amino acids including valine, alanine, glutamic acid, aspartic acid, 
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proline and norleucine were upregulated in glucose stressed L. plantarum B21. High 
accumulation of β-hydroxypyruvic acid and the absence of lactic acid with other types of 
organic acids in the glucose starved L. plantarum B21 cultures also indicate inhibition of the 
fermentation pathway. 
Multiple studies have shown that in order to adapt to environmental stress, a number 
of bacteria, such as L. plantarum CCFM8610, L. plantarum CCFM191, Escherichia coli and 
Pseudomonas spp. alter their metabolism metabolic pathways to conserve energy (Pages et 
al., 2007; Jozefczuk et al., 2010; Zhai et al., 2018). It has been argued that energy-conserved 
mode of metabolism was adopted by these bacteria which leads to reduction in intracellular 
reactive oxidative stress (ROS) levels and thus reduction in potential ROS related damage 
(Zhai et al., 2018). A switch to conserved energy metabolism mode, as demonstrated by the 
accumulation of amino acids could be the reason for the high survivability and better storage 
stability, but retained functional bacteriocin activity in spray dried, glucose stressed L. 
plantarum B21 in our previous finding (Chapter 7). Furthermore, a higher percentage of 
unsaturated fatty acids were found in the glucose stressed L. plantarum B21, compared to 
unstressed control and Tween 80 stressed cells. This could also be an indicator of an increase 
in the cell membrane’s fluidity to maintain cellular homeostasis which contributed to 
bacteria’s resistance and tolerance to stress, as higher ratios of unsaturated to saturated fatty 
acids have also been shown to contribute to acid resistance ability in L. plantarum ATCC 
14917 (Wang et al., 2018). 
In addition, metabolomics results could also provide insights on the underlying reason 
for the glucose stressed L. plantarum B21 being a coccoid-like (or significantly short rod) 
shape as revealed in Chapter 5, could survive better and could still produce bacteriocin during 
week 8 storage at 22 ºC and 30 ºC as revealed in Chapter 6. The glucose starved cells had 
greater membrane fluidity or flexibility, due to higher unsaturated fatty acid to saturated acid 
ratio, which enabled this strain to change back to its normal rod shape morphology and 
switch to a high-energy mode metabolic pathway when glucose becomes available. However, 
for the unstressed cells and Tween 80 stressed cells, since both of them have lower flexibility 
or fluidity due to lower ratio of unsaturated to saturated fatty acids and adopted a high-energy 
mode of metabolism due to the presence of sugar, these cells became exhausted, have lower 
survival capacity and loss their ability to produce bacteriocin by week 7 at 22 ºC and after 
week 5 at 30 ºC storage (as revealed in Chapter 6).  
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Overall innovative approaches of combining morphological, metabolomics, 
microencapsulation and drying technology and several morphological techniques to develop a 
more robust microculture of L. plantarum B21 and to understand the underlying metabolism 
to understand the behaviour of this strain were used in this project. In conclusion, the project 
made the successful discovery of a way to improve L. plantarum B21’s survivability and 
robustness with a retained capacity to produce plantacyclin B21AG. This was by starving 
them via excluding glucose (the main carbohydrate source) from the growth media. The 
results and findings from this work may be invaluable for the development of a robust, 
commercial spray dried culture of L. plantarum B21. The spray dried culture method is 
desirable for industry due to spray drying being faster and lower cost than freeze drying. The 
results described in this thesis may also be useful to develop a novel natural biopreservative 
from the plantacyclin B21AG bacteriocin produced by L. plantarum B21, which is 
structurally circular and arguably more robust, compared to nisin, the current market leader. 
The findings from this thesis may also contribute in improving food safety. In the future, 
these natural approaches of food protection using safe bacteria and bacteriocin could tackle 
the issue of antimicrobial resistance, food spoilage and poisoning, and also reducing global 
food waste caused by spoilage. 
A total of four research articles and a review paper were generated from this thesis. 
Nonetheless, there are still much untapped potential in L. plantarum B21 that is yet to be 
explored. Further experiments also need to be performed to prove L. plantarum B21’s 
functional application as a starter, protective culture in a specific food matrices that are 
compatible and suitable with this strain. Solid evidence of the plantacyclin B21AG 
bacteriocin produced by L. plantarum B21, is also needed. Furthermore, MRS based medium 
was used, throughout this study. This media is relatively expensive and so unsuitable for 
large scale industrial production (Venigalla et al., 2017). Developing a low cost growth media 
for L. plantarum B21 would therefore be needed for effective industrial large scale 
bacteriocin production and high yield of biomass in the future. 
8.2 Recommendations for future work 
The following lines of research could not be pursued and are recommended for future 
research. 
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1. Elucidating the full structure for the circular bacteriocin produced by L. plantarum B21 
using 2D and 3D NMR. The research would be invaluable to further understand how this 
bacteriocin inhibits and kills the Gram positive bacteria.  
 
2. Developing a low cost medium for enumeration of L. plantarum B21 which results in 
high yield of biomass and high bacteriocin production. This research would be an 
important step to deliver this bacteria strain for large scale industrial processes and for 
functional applications. 
 
3. Investigating the potential of microencapsulated, spray dried L. plantarum B21, 
comparing the glucose stressed and unstressed control in a wide range of food matrices, 
such as dairy, meat, fruit and vegetable products. The capacity of this strain to improve 
the sensory quality and safety of food products as starter culture could be tested and 
explored.  
 
4. Developing a method to effectively and efficiently purify the bacteriocin produced by L. 
plantarum B21 and encapsulating the bacteriocin with a suitable carrier for industrial 
translation and food application. The efficiency and efficacy of bactericidal effect of the 
purified, encapsulated bacteriocin against Gram positive bacteria, including Listeria and 
Clostridia could further be tested. 
 
5. Metabolomics analysis on the target microorganisms, such as the Listeria and Clostridium 
after exposure to bacteriocin produced by L. plantarum B21 could be conducted. In 
addition to primary metabolites studied in this thesis, secondary metabolites (such as 
signalling molecules and the lipids making up the bacterial cell wall) could also be 
investigated. This would allow deeper understanding of the mechanisms of action of 
plantacyclin B21AG, which has not yet been fully elucidated to date. 
 
6. Since L. plantarum B21 is also a strong acid producer, identifying the most suitable 
conditions and developing a low cost growth medium to drive high production of 
optically pure lactic acid would be of high interest for the industry, for production of 
biodegradable polylactic acid. Biotechnological potential of this strain for mass 
production of lactic acid could be explored. 
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